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PREFACE. 


THE development of the petroleum and natural gas industries dates 
from the completion of a producing oil well of a depth of 69 feet near 
Titusville in Pennsylvania in 1859. Oil had been secured from shallow 
pits and hand dug wells in many areas before this, but the commercial 
value of such sources had been insignificant. The Titusville well did 
not even have the distinction of being the first drilled well to produce 
oil. Others sunk primarily in search for salt enjoyed that honor. It 
was, however, the first well that was drilled with the hope of getting 
oil, the first successful wildcat well. 

Thus, while our knowledge of the character and origin of many 
mineral deposits is the product of the accumulation of data over a num- 
ber of centuries, the science of petroleum geology is based upon in- 
formation which has been obtained in a period of less than seventy 
years. In this short period, however, the oil industry has grown from 
nothing into one of the outstanding industries of the world. During 
the year of 1927, the production of the United States was equal to ap- 
proximately nine hundred million barrels of oil. The total for the 
whole world for the same period was more than a billion and a quarter 
barrels. In sections where it could be marketed, the rise in the pro- 
duction of natural gas has been almost as sensational. 

The ideas of Colonel Drake, the pioneer under whose direction this 
unprecedented test was sunk, will probably never be known. That he 
had little or no knowledge of geology is generally admitted but luckily 
for the development of the industry his chance location was made at a 
point in which oil was available in commercial quantities at an ex- 
tremely shallow depth.. His crude drilling tools would hardly have 
been adequate for a-much greater depth even if his faith had been 
strong enough to desire it. 

The sole reason for the venture seems to have been the feeling on 
the part of Drake that the seepages along Oil Creek were fed by under- 
ground bodies of oil. His success there quickly led others all over the 
world to sink test wells at points near seepage indications. Many of 
the discovery wells of the world’s most prominent producing pools and 
districts were located solely upon this basis. The tremendous volume 
of the oil produced in the vicinity of seepages in the Baku district of 
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Russia tended to discourage drilling of wells in sections distant from 
them. In the Appalachian area of the United States seepages were 
few in number and individual wells were small in size. With a 
steadily increasing demand for their product, operators ventured 
farther and farther away from seepages and found that large produc- 
ing areas might occur many miles from such indications. The con- 
trolling factor appeared to be the presence or absence of certain sands. 
Prospectors, therefore, deliberately limited their activities to those sec- 
tions in which these sands were believed to occur. 

The association of oil and gas with water was recognized early in 
the history of the development of Pennsylvania. It was soon realized 
that there was a definite relationship between the distribution of these 
substances in a given sand and the depth at which the sand was 
reached. Those wells which penetrated the sand horizon at shallow 
depths were found to be productive of oil and gas far more frequently 
than those which had to be drilled to greater depths. Naturally op- 
erators restricted their efforts to the former as much as their limited 
knowledge would permit. 

The reduction of the loosely formulated rules of the game of wild- 
catting into the scientific principles of the gravitational or anticlinal 
theory was largely due to the efforts of Dr. I. C. White, whose first 
statement of it was published in 1885. The theory is simple but its 
application is frequently complex. The ideal point of accumulation 
according to the theory is the crest of an anticline. However, the 
fault, the unconformity, the lens, and the salt dome may serve just as 
well. Variations in porosity of rocks cause modifications because of 
the introduction of the force of capillarity. Similarly the hydraulie 
action of artesian waters may cause further modification of the posi- 
tions most favorable for accumulation. 

Knowledge of the importance of different structural conditions and 
of the effects of such modifying agencies can only be acquired through 
scientific examination of an abundance of data. The zeal for the con- 
duct of such investigations depends largely upon the returns secured 
from them. In the United States, the rapidity of the expansion of 
markets for oil and gas—particularly since the advent of the auto- 
mobile, the inability of individual pools and districts to supply the in- 
creasing demands, and the high cost of drilling to deep horizons, all 
served to encourage research on a larger scale than in any other sec- 
tion of the world. As the presence of oil in most of the larger areas 
now producing was first demonstrated by the presence of seepages or 
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by the drill of the wildeatter whose location was determined entirely 
by chance, the work of the geologist was largely restricted to studies of 
the relationships between oil and gas accumulation and structural con- 
ditions. 

Despite temporary periods of overproduction the American oil 
producer realizes that he is never far ahead of the consumer. The 
demands of the market have only been satisfied by the development of 
new areas in which surface indications of oil are meager and by the 
drilling of wells to increasing depths and into formations below major 
unconformities. Whereas discussions of the origin of petroleum, 
natural gas, and related bitumens, of the conditions controlling their 
formation, and of the factors influencing their subsequent alteration 
were primarily of academic interest a few years ago, it is now realized 
that knowledge of these subjects is of material assistance in the search 
for new oil areas. The petroleum geologist recognizes that the proper 
application of such knowledge requires that he devote himself to the 
study of historical geology, including both paleogeography and pale- 
ontology, in the same way that he has devoted himself to the study of 
structural geology in attempting to locate new areas of local accumula- 
tion. 

Much remains to be done in practically every division of the ge- 
ology of oil and gas. Additions to our knowledge are being made 
every day. Yet, it is necessary from time to time that we stop and 
summarize the data that have become available. The mass of descrip- 
tive detail now available has reached tremendous proportions and 
is being increased with every issue of our trade and technical jour- 
nals. It is now almost impossible for even the individual who is ac- 
tively practicing the profession of petroleum geology to keep up with 
its literature. This book has been written to supply to such individ- 
uals and to others, whose work brings them into contact with geologic 
problems in the field of oil and gas, a single volume in which they may 
find brief statements of principles of the science and examples illus- 
trative of the application of those principles. It is further hoped that 
the student who is preparing to enter this field of work will find in it 
an adequate statement of the principles that he is studying. 

No claim of completeness is put forward by the author. It is no 
longer possible for one individual to consult more than a small portion 
of the literature which has become available. The necessity of re- 
stricting the length of the volume to a size usable for text and general 
reference purposes makes necessary the omission of many illustrations 
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and examples equal in value to those which have been included. Simi- 
larly it has been necessary to pass over many important contributions 
to the development of our basic principles with single sentences. 
Many could not be discussed at all. The author keenly regrets this. 
He has tried to give acknowledgments to those whose work has been 
of especial importance. In the selection of examples and references he 
has felt obliged to give preference to those which the reader who de- 
sired further information would be most likely to find in public, tech- 
nical society, and university libraries in the United States. 

The author has endeavored throughout the volume to give full ae- 
knowledgment to both the authorities quoted and to the organizations 
that published the original papers. He desires to make additional ac- 
knowledgments here to several of the latter because of the number of 
illustrations and tables used, namely, American Association of Petro- 
leum Geologists, American Institute of Mining and Metallurgical En- 
gineers, Geological Society of America, Economic Geology, Journal of 
Geology, Oil and Gas Journal, United States Geological Survey, 
United States Bureau of Mines, and California Division of Mines and 
Mining (California Oil Fields). The author wishes also to express 
his appreciation to Mr. F. G. Clapp for the use of two unpublished 
maps. Grateful acknowledgment is also due to my wife, Antoinette 
Lilley, for her careful and able assistance in both the preparation of 
the manuscript and the reading of the proofs. 

Ernest R, LIn.ey. 


New York, N. Y., 
March, 1928. 


CHAPTER 


CONTENTS. 


ONE OD UOMO N Mer umees aeeten, teat, carters opera save Ss apvistore cicleksid wes! accliee s. 


The Nature of Petroleam—Substanees Allied with Petroleum— 
The Science of Petroleum Geology—Utilization of Geology—Ter- 
minology. 


Li SoMn PROPER DINS OF 2H DROLEUM Ene aaa ee nese seuen ee. eueeeeee ls. 


Color—Odor—Density—Viscosity—Coefficient of Expansion—Vola- 
tility—Solidification—Surface Tension and Capillary Action—Op- 
tical Activity—Other Physical Properties—Chemical Composition— 
Hydrocarbons—Paraffin Series—Isomeriec Compounds—Olefine Ser- 
ies—Other Alipathic Compounds—Naphthene Series—Benzene Ser- 
jies—Other Ring Compounds—Sulphur Compounds—Oxygen Com- 
pounds—Nitrogen Compounds—Other Ingredients in Petroleum— 
The Base of Oils. 


TTI—MINERAL BITUMENS RELATED TO PETROLEUM...............+0c000. 


Classification of Bitumens—Natural Gas—Natural Asphalt—Soft 
Asphalts—Asphaltites—Mineral Waxes—Pyrobitumens—Bitumi- 
nous Rocks—Kerogen or Oil Shale—Nature of Kerogen—Coals— 
Cannel Coals. 


IV—THE ORIGIN OF PETROLEUM AND RELATED SUBSTANCES........-..-. 


Inorganic Theories—The Carbide Theory—Application of Inor- 
ganie Theories—Berthelot’s Theory—Mendeléef’s Theory—Direct 
Evidence of Inorgane Origin—Indirect Evidence—Insufficieney of 
Inorganic Theories—Organie Theories—Source Materials of Petro- 
leum—Animal Theories—Plant or Vegetable Sourees—Compara- 
tive Importance of Different Materials—Manner of Deposition and 
Accumulation—Anerobie Bacterial Action—The Nature and Alter- 
ation of Kerogen—Nature of Oils—Hydrogenation of Oils—Re- 
moval of Heavy Compounds—Internal Alteration of Hydrocarbons 
—Carbomorphism of Coals—Destruction of Hydrocarbons—Effects 
of Sulphur on Oils—Conversion of Oils to Solids—Pyrobitumens— 
Summary. 


V—FuNDAMENTAL GEOLOGIC CONDITIONS LIMITING THE OCCURRENCE OF 


QIGEROTAOM 5 ap daowo ooaooap OncD OD OSU GS OUADeeanaCdoModoUnoSoDM 
Ingenous Rocks—Sedimentary Rocks—Glacial Deposits—Desert De- 
posits—Cut-off Basin Deposits—Sediments of Humid Areas— 
Coastal Swamps—Deep Sea Deposits—Near Shore Sediments— 
The Deposition of Organic Debris—The Functions of Metamorphic 


vil 


36 


53 


89 


vill CONTENTS 


PAGE 
Agencies—Metamorphosed Rocks as Sources of Oil—Comparative 
Alteration of Coal and Petroleam—Summary. 
ViI—Grouogic History AND THE OCCURRENCE OF OIL.........++++++-++- 115 
Pre-Cambrian Rocks—The Cambrian Period—Ordovician History— 
Ordovician Oil—Silurian History—Silurian Oil—The Cincinnati 
Uplift—Devonian Conditions—Devonian as a Souree of Oil— 
Mississippian Conditions—Mississippian Oil—Pennsylvanian His- 
tory—Pennsylvanian Oil—Permian Conditions—Permian Oil—The 
Paleozoic as an Oil-yielding Hra—Mesozoie Conditions—Triassic 
Oil—Jurassic Conditions—Oil in the Jurassic—Lower Cretaceous 
History—Lower Cretaceous Oil—Upper Cretaceous—Cretaceous in 
Other Continents—Upper Cretaceous Oils—The Mesozoic as an Oil- 
yielding Era—Cenozoic Conditions—North American Tertiary— 
The Tertiary in Other Continents—Tertiary Oil—Quaternary Hori- 
zons—Tertiary as a Container of Oil. 


CHAPTER 


VII—PETROLBUM RESERVOIR ROCKS.........02ce see enc s cere ete seacreee 159 
Containers and Retainers—Capillary Openings—Origin of Open- 
ings—Shape of Particles—Assortment and Arrangement—Simul- 
taneous Cementing—Later Cementing—Compactinug—Solution 
Openings—Reerystallization—Crustal Movements—Weathering of 
Rocks—Nature of Rocks—Sands and Sandstones—Determination 
of Porosity—Nature of Sands—Sandstones as Retainers—Con- 
glomerates—Limestones—Limestones as Retainers—Clays and 
Shales—Hybrid Rocks—Minor Sedimentary Rocks—Metamorphie 
and Igneous Rocks—Containers versus Retainers. 


VIS CONCENTRATION [OK MON AND! GAS yeie) sereiel le sietelsieleleretstertelsiettel= ts 181 
Oilfield Waters—The Gravitational Theory—History of the Theory 
—Expulsion of Oil from Non-porous Roecks—Manner of Accumula- 
iion—Objections to the Theory—The Hydraulic Theory—Capillar- 
ity as a Means of Concentration—The Function of Gas—F ffects of 
Temperature—Effects of Diastrophie Movement—Pressure in Oil 
and Gas Horizons—Summary. 


IX—THeE REPRESENTATION or STRUCTURAL CONDITIONS...............+ 208 
Photographs—Surface Geology Maps—Strike and Dip Symbol 
Maps—Contour Maps—Errors in Mapping—The Columnar Section 
—Well Logs—Cross-sections—Subsurface Maps—Convergence 
Maps—Sand Maps—Stereograms—Models—Summary. 

A Dan NATURS OF On Bimtp Ste oOrunmas cee eee eee 232 


XI—THE DEVELOPMENT OF FOLDED AND FAULTED STRUCTURES........... 235 
Differential Compacting—Nature of Crustal Deformation—Com- 
petency of Rocks—Horizontal Trust Structures—Direct Uplifts— 
Causes of Faulting—Extent of Faults—Summary. 

XII—CHARACTERISTICS OF FOLDED STRUCTURES 251 
Simple Symmetrical Anticlines—Sante Fe Springs, California— 
Upright Asymmetrical Anticlines—Long Beach, California—Do- 


CHAPTER 


CONTENTS 


1x 


PAGE 


minguez, California—Inclined Asymmetrical Anticlines—Y enangyat- 
Singu Anticline, Burma—Wheeler Ridge, California—Anticlines 
with Curved Axes—Grass Creek, Wyoming—Domes or Quaquaver- 
sal Anticlines—Petrolia, Texas—Bald Hill Dome, Okiahoma—Hog- 
back Dome, New Mexico—Lost Soldier Dome, Wyoming—Cotton 
Valley, Louisiana—Terraces and Plunging Anticlines—Hastern 
Osage, Oklahoma—Berea Grit Pools, Ohio—Osage Pool, Wyoming 
—Broad Anticlinal Folds—Monroe Gas Pool, Louisiana—Saddles 
—Cement Anticline, Oklahoma—Torchlight and Lamb, Wyoming— 
Pershing Pool, Oklahoma—Synclines—Midway Valley Syneline, 
California—Asphalt Sealed Traps—Sunset Area, Califfornia—Over- 
turned Folds—MeKittrick Overturned Fold, California—Summary. 


SL SmoCTURES | DOMINATED: By HAUIUDINGs «cccsdeeseccceecceseceeees 


Luling-Mexia and Balcones Fault Zones—The Mexia Fault Zone— 
The Luling Fault—Irvine-Paint Creek Fault—Whittier Fault—The 
Whittier Pool—Brea Canyon-Olinda—Santa Clara Fault—South 
Mountain—Overthrust Faults, McKittrick, California—Summary. 


XIV—ACCUMULATIONS CONTROLLED By POROSITY VARIATIONS...........- 


Lensing Sands—Clinton Sand, Ohio—Horizons of Varying Porosity 
—Glenn Pool, Oklahoma—Burbank Pool, Oklahoma—Minor Pro- 
ducing Areas—Pools at Unconformable Contacts—Sunset Exten- 
sion, California—-Maikop, Russia—Channel Deposits—‘‘ Shoe String 
Sands,’’ Eastern Kansas—Large Elongated Sand Bodies—Hog- 
shooter String—Summary—Produetion from Fissures. 


XV GNHOUS ROCKS cn Olin CON TADINHRS c.. 1c si0ieini sistas wiereisceeieite © ais ee sa 


Furbero—Thrall and Lockhart—Akita and Related Districts, Japan 
—Contact Zone Production—Summary. 


GV se SATE TL a GORE MSR CADIS alepel evere oieraia vers tel afisiise-4) Glerensienerslielie acere ir cial «e\"ailere 


The Salt Masses of Germany—Roumanian Salt Domes—Qil Pro- 
duction of European Salt Struetures—Isthmuthian Domes of Mexico 
—Salt Domes of the Interior Gulf Coast Plain—Gulf Coast Domes 
—Oil in the Gulf Coast Domes—Theoretical Problems Connected 
with Salt Domes—Source of the Salt—Mechanics of Uplift— 
Hager’s Igneous Intrusion Theory—Crystal Growth Theory— 
Plastic Flow Theory—Period of Folding and Uplift in Gulf Area 
—Salt Dome Cap Rocks—Conclusions. 


X VII—AccUMULATIONS CONTROLLED By SEVERAL F'ACTORS..............-- 


Simultaneous Sedimentation and Folding—Variations in Com- 
petency—Vertical Range of Faults—Burial of Structures—Revival 
of Dynamic Activity—Accumulations at Unconformities—Order of 
Diseussion—Ranger Area, North Texas—La Salle Antieline, Tli- 
nois and Indiana—Kevin-Sunburst Area, Montana—Binagadi, 
Russia—Inglewood, California—Hubbard Pool, Oklahoma—Salt 
Creek, Wyoming—Cat Creek, Montana—Big Lake Pool, Texas— 
Healdton, Oklahoma—Robberson Pool, Oklahoma—Panhandle Strue- 


309 


368 


376 


408 


x CONTENTS 


CHAPTER PAGE 
ture, West Texas—Gemsah and Hurghada, Egypt—Maidan-I- 
Naftun, Persia—The Granite Ridge of Kansas—Eldorado and Au- 
gusta, Kansas—Cushing, Oklahoma—Seminole District, Oklahoma 
—Tonkawa, Oklahoma—Thomas Pool, Oklahoma—Tamasopo 
Ridge, Mexico—Summary. 


VA lavoro Oi! INpoiy UNE, onabonobomosopacoocgno vont gr osons 479 
Oil Seepages—Gas Seepages—Mud Volecanoes—Solid Petroleum 
Residues—Loeal Structural Conditions—Diamond Drilling for 
Structure—Geophysical Prospecting—Subsurface Tools—Limita- 
tion of Geologie Activity—Non-producing Structures. 


AUT EOR TS LNDIS oot sire, ahd Racha danss sreinacitos err hore ala an auch ene Ra Tene Ie eee 503 


SURTEOUS LN DES oo onyasue a Rania aaeee See ae ee ee eee 508 


CHART i Rel 


INTRODUCTION. 


The Nature of Petroleum.—The dictionary describes petroleum 
as an inflammable oily liquid which exudes or is pumped from the 
earth. The more complete editions add that it is used chiefly in the 
production of gasoline, kerosene, lubricating oils, fuel oils, asphalts, 
and waxes. 

The wide variety of the properties of these and other less promi- 
nent products proves the extremely complex nature of the substance. 
Most petroleums are composed primarily of the true hydrocarbons, 
that is, compounds containing only hydrogen and earbon. The num- 
ber of such compounds is large. The majority of those that have 
been identified in petroleum are liquids, but gaseous and solid com- 
pounds have been found dissolved in erude oils. The hydrocarbons 
are divided into groups or families, which are characterized by dif- 
ferent chemical and physical properties. Those most desired by the 
refiner and by the consumer of petroleum products are those that are 
the most stable, chemically. 

Of these the paraffin and naphthene families stand out. The di- 
olefines, triolefines, and similar chemically unstable, unsaturated com- 
pounds are most undesirable. Other series, such as the benzenes and 
the olefines, are desirable in some products and undesirable in others. 
Compounds of these two groups are usually present in only small 
amounts in most petroleums. The paraffin compounds predominate 
in the ‘‘paraffin base’’ oils of the Appalachian area of the United 
States and in the oils from the older horizons of Kansas and Oklahoma. 
Appreciable amounts are present in all oils of low density. The 
naphthene compounds are much heavier than those of the paraffin 
group, which they resemble most closely. They constitute a large 
percentage of the crude oils obtained in California, South Texas, and 
similar areas. 

Petroleums that contain large amounts of paraffin compounds 
usually contain relatively small amounts of the unsaturated, unstable 
types. Many of the oils in which naphthene compounds are promi- 
nent are also containers of large percentages of the unstable, unsatu- 
rated types. These tend to form asphalts on exposure to heat or 
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chemical agents. Thus such oils are known commonly as ‘‘asphaltic 


base’’ oils, though the amount of dissolved asphalt may be small as 
the crude oil is taken from the ground. 

Some crude oils contain substantial amounts of sulphur; others, 
appreciable percentages of nitrogen or oxygen. In general, the pro- 
portion of these elements and of the compounds containing them is 
largest in the heavier types of oil. Thus such elements may be con- 
sidered as more characteristic of asphaltic base oils than of the paraffin 
type. They are, however, not entirely lacking in the lighter oils. 

Substances Allied with Petroleum.—The liquid petroleum is 
chemically and geographically closely related to the solid asphalts, 
asphaltites, pyrobitumens, natural waxes, and to natural gas. Tar 
or asphalt saturated sands mark the edges of productive oil areas in 
several pools in the Valley field of California. Natural gas is pro- 
duced from the same wells that yield oil and is considered by many 
to be the most important force causing the movement of oil through 
the small pore spaces of the rocks containing it. 

In the great majority of the world’s producing areas, oil is found 
in porous rocks that appear to be saturated with water. In the fields 
of the United States that yield oil from Paleozoic horizons, the water 
appears to be closely related chemically to ocean water. The per- 
centage of salts dissolved is usually higher than that of ocean water, 
but the relative proportions of the different elements and compounds 
present show much similarity. In other areas, such as the Rocky 
Mountain Provinee, the close association of oil and water is main- 
tained, but the salts present are entirely different from those of ocean 
waters. Some analyses show the presence of salts that are typical of 
soil and artesian waters. In California, mixed types, having char- 
acteristics between artesian and ocean waters, have been found asso- 
ciated with oil. Variations in characteristics of both oil and water 
appear to have resulted locally from the interaction of the less stable 
compounds in the petroleum and the salts dissolved in the waters. In 
many instances the changes in the oil have been sufficient to convert 
it to a solid asphaltic substance. 

The mobility of petroleum and natural gas has made it possible 
for these substances to circulate through porous rocks and even to 
escape to the surface. Despite this freedom of mov ement, commercial 
concentrations of oil are almost always found in close proximity to 
beds of carbonaceous or kerogenetie shales, the source materials from 
which they are considered to have been derived. The carbonaceous 
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matter of such beds cannot be considered as chemically identical with 
that of petroleum, but the close relationship is indicated by the simi- 
larity of the oil which may be secured by destructive distillation of 
the kerogen of the shales. 

The carbonaceous or kerogenetic matter of such shales differs but 
slightly from that in cannel coals. The latter in turn are closely re- 
lated to the normal types of coals. Though differing in many re- 
spects, normal coals and petroleum have so many chemical properties 
in common and are so closely related in geographical and geological 
distribution that there is ample evidence to warrant the belief that 
they are genetically related. 

The Science of Petroleum Geology.—While petroleum, natural 
gas, and the asphaltic and paraffinaceous solids most closely related 
to them have been known for many centuries, the scientific study of 
their occurrence and origin is comparatively modern. It may be said 
to have followed the completion of the first drilled well in Pennsyl- 
vania in 1859. The growth of knowledge has followed much the same 
course as the development of the industry. The yearly production of 
oil did not reach the hundred-million-barrel mark until 1895. The 
half-billion mark was attained in 1917; and the billion mark, only 
six years later. The two fundamental principles upon which the 
science of petroleum geology is based—the organic theory of origin 
and the gravitational theory of accumulation—were httle more than 
unsubstantiated hypotheses at the close of the nineteenth century. 
Their general concepts have been substantiated many times by the 
developments of the present century. At the same time new produc- 
ing areas and deeper horizons have made it necessary to modify 
previously conceived ideas, and have made it possible to fill in points 
about which information was almost entirely lacking. 

Those theories which explain the origin and formation of petro- 
leum and natural gas should form the basis of a working hypothesis 
for the search for oil in new areas. Such localities are frequently 
indicated by the presence of active oil and gas seepages, mud _ vol- 
canoes, and asphalt deposits. They are most marked in Tertiary 
and Cretaceous areas. However, surface indications are not always 
pronounced. Their absence in any area cannot be considered as a 
definite indication of the absence of petroleum. Such indications 
have been of very minor importance in the development of the pro- 
ducing areas of the Paleozoic horizons of the Mid-Continent and the 
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Areas being developed today outside of North America are almost 
exclusively in sections where the strata are of Tertiary age. The 
future will undoubtedly see the development of areas of older rocks 
in which surface indications are either slight or entirely lacking. 
Much oil is to be expected from deeply buried horizons whose outcrops 
are unknown. In such sections and horizons the mere existence of 
petroleum is unproved. The recommendation of the geologist must 
be based upon indirect evidence: the characteristics of the rocks as 
shown at their outcrops or by drill samples, and the presence of oil 
in rocks of similar type and age in other areas. The greater part of 
the initial work of exploration must be devoted to. study of purely 
non-economic phases of the geology of the region and comparisons of 
the data obtained, with conditions existing in known productive 
areas. 

Neither surface indications nor favorable indirect data are a 
guarantee that commercial quantities of oil exist. In some areas the 
previous existence of oil is apparent, but the bulk of it has escaped 
or been destroyed. Even when it still remains, the amount is never 
sufficient to make commercially productive areas continuous. The 
limited extent of commercially valuable accumulations is marked in 
every fully developed pool in the world by dry holes and abandoned 
wells. Some dry holes are actually dry, but the majority contain 
water in the horizons from which oil is obtained in adjacent areas. 

In the great majority of cases the water lies in the lower or basinal 
portions of folded or tilted, porous sedimentary beds lying between 
non-porous ones. The upper or arched portions of the same beds 
contain the oil and gas. From this it is apparent that the position of 
folds and faults is an important factor in determining the position of 
oil and gas as against water. . The geologist, who feels satisfied as to 
the probable presence of petroleum in any given area, is then called 
upon to begin the study of its structural conditions to determine the 
positions most suited for accumulation. 

The zonal arrangement of gas, oil, and water, which characterizes 
every large producing area in the world, indicates a certain amount 
of freedom of movement of those substances within the crust of the 
earth. Such movement can only occur in those portions of the crust 
in which the formations are sufficiently porous to permit gravitational 
and capillary differences to result in movement. Thus, in many areas, 
accumulation is due as much to variations in the porosity of the strata 
into which the oil has migrated after its formation as to their strue- 
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tural outline. Such differences are due mainly to conditions existing 
at the time of the deposition of the sediments and to cementation and 
solutional activity after that period. The scientific development of 
areas controlled by such factors is still in its infaney though much 
information about them is now being accumulated. 

Utilization of Geology.—Prior to the present century, the de- 
velopment of oil producing areas was largely carried out without the 
assistance of the geologist. The two great producing areas were the 
Appalachian field of the United States and the Baku district of Russia. 
The presence of oil in the latter was known in Biblical times because 
of the abundance of oil and gas seepages. The seemingly inexhausti- 
ble supply of oil to be had merely by drilling did not encourage care- 
ful study of the manner of its occurrence and of the conditions which 
had caused its formation and accumulation. 

Seepages must also be considered as being responsible for the 
drilling of the first wells in Pennsylvania. The seepages were small, 
and areas of production were soon found to extend to sections in 
which no seepages were known. The small size of the wells and the 
rapidly expanding demand for the product encouraged prospecting 
and developed a strong interest in the study of the factors which had 
been instrumental in the formation and accumulation of the oil. The 
complexity of the structural and porosity factors that controlled ac- 
cumulation here retarded the development of satisfactory theories for 
many years. Yet the development of the gravitational or anticlinal 
theory is due largely to the observations of men who worked in this 
area. 

Early locations in Pennsylvania were made largely upon the 
‘“‘huneh’’ of the operator. Such methods were soon succeeded by 
semi-scientifie locations based upon previous experience. Well sites 
were placed adjacent to topographic features similar to those noted 
in other areas. As many of these had similar underlying geologic 
causes, the results were frequently excellent. ‘‘Following the trend”’ 
—a method of limiting test holes to areas between productive pools, 
or to sections that would lie in the extensions of lines connecting 
them—proved to be very successful, although the scientific principles 
causing the success were not known. 

Similarly the operator came to realize from experience that certain 
horizons held little promise of containing oil. Comparisons between 
their physical properties and those of the productive ones suggested 
many conclusions about the conditions surrounding the presence of 
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oil. While the statement of the carbon ratio theory of the conversion 

‘of oil into gas and the destruction of the gas by metamorphie agencies 
did not come until after the area had been largely developed, the 
operator early recognized that, despite the continuity of the horizons 
which are productive in western Pennsylvania into the central part 
of the state, the chances of finding oil in that area were very slight. 

The abundance of sections in which seepages, or the drill of the 
‘hunch’? operator have indicated the general existence of petroleum, 
has retarded the study of the underlying conditions which contro] the 
existence of such areas. On the other hand, the prevalence of dry 
holes has encouraged the scientific study of the factors that control 
the localization of its accumulation. The gravitational theory was 
outlined in a general way shortly after the discovery of commercial 
quantities of oil in Pennsylvania. It was discredited by many but 
was revived by I. C. White, whose efforts were largely responsible for 
its general acceptance. The best examples of gravitational separation 
of oil, gas, and water were supplied by strong anticlinal folds. The 
theory became more generally known as the anticlinal theory of accu- 
mulation. The main work of the petroleum geologist until recently 
was that of locating areas in which anticlinal folds showed in the 
outcropping strata. The geologist was to a large extent merely a 
specialized type of surveyor. 

It may be expected that the petroleum geologist of the future 
will need training of a much higher order than that possessed by 
many of his predecessors. The location of accumulations in the more 
complex and less clearly understood structural forms and in areas of 
porosity changes is undoubtedly controlled by the same principles 
which are effective in the simple anticline. However, the interpreta- 
tion of the meager data supplied to him will require the geologist in 
drawing his conclusions to utilize to the maximum the experiences of 
others in other sections. The growing proportion of oil being ob- 
tained in the United States from complex structures and areas distant 
from seepages is indicative of a condition which may be expected in 
other portions of the world in a‘short time. 

Terminology.—The terms used throughout the text are for the 
most part in common usage in textbooks of geology. Several terms 
have been used with a restrictive sense in descriptions of producing 
and potential areas in order to avoid misunderstandings that might 
arise if they were used in the indefinite manner which characterizes 
their use in trade journals and even in scientific papers. They are 
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the terms pool, district, field, and province. The term *“pool’’ will 
be used to indicate a single continuous producing area. In most 
cases this means the productive area of one particular fold. Thus 
we have the Long Beach pool in California and the Hogback pool in 
New Mexico. It may be a section dominated by faulting as in the 
ease of the Luling pool in Texas. It may be an area above or ad- 
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Fic. 1.—Produetive areas of the Mexia District, East Central Texas, after 
U. 8. Geological Survey, 1927. 


jacent to a salt dome or core, as at Spindletop or Damon Mound in 
southern Texas. In some instances it is an area controlled by sev- 
eral closely allied folds as in Osage County, Oklahoma. In the Glenn 
pool of Oklahoma it is an area determined by changes in porosity of 
the container horizons. 

There are very few areas in which production is limited to a 
single pool. Generally tests around the discovery pool lead to the 
finding of other pools in adjacent areas. Sometimes the areas be- 
tween them are barren of oil; in others the intervening area is dotted 
with abandoned holes which, while productive of oil, did not yield 
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commercial quantities of it. Such pools are related to each other both 
from a geographical and a geological standpoint. They produce the 
same type of oil in most cases; they are developed under much the 
same conditions; and they face the same problems in obtaining sup- 
plies and marketing their products. They constitute a unit area in 
many respects, but the presence of non-producing sections between 
the productive ones distinguishes them from the pool. 

They are referred to throughout the text as ‘‘districts.’’ A typi- 
eal district is found in central Texas, where the Mexia, Powell, 
Wortham, and several minor pools constitute the Mexia district. 
Similarly the sensational Seminole district of Oklahoma obtained its 
production in the summer of 1927 from distinct pools known as 
Seminole City, Seabright, Earlsboro, Bowlegs, and Little River. 

The term ‘‘field’’ has been used in a more general sense than any 
of the others. Restriction of its meaning is therefore more difficult. 
In many writings the term is used in the same sense as the term pool. 
In others it refers to a section similar to that which we have called a 
district. Even more extensive areas may be included. In the text 
the author will restrict the use of the term to sections containing 
groups of related districts or more or less isolated pools which are 
related by underlying geological conditions. Where the productive 
beds are restricted to synclinal areas of regional size, that is con- 
sidered as the limiting unit. Thus the term is used in reference to 
the San Joaquin Valley of California, the Big Horn Basin of Wy- 
oming, the Maracaibo Basin of Venezuela, and the Burma syncline 
of India. 

In a similar way the term is used in reference to groups of pro- 
ducing areas located upon anticlines of regional importance, such as 
the Bend Arch of northern Texas, the Sweetgrass uplift of northern 
Montana, and the Cincinnati Arch of Ohio and adjacent states. 
Where the synclinal basins in which the oil containing horizons 
eecur are of extremely large area, as in the Paleozoic synclines of 
eastern and central portions of the United States, the term is used 
in reference to the area included in one flank. Thus the Appalachian 
field includes all of the productive areas lying on the east flank of 
the Appalachian geosyncline. The North Mid-Continent field simi- 
larly includes those areas on the northeast flank of the Mid-Continent 
eeosyncline and adjacent to the old land area of Ozarkia. 

The marked differences between the conditions under which oil 
is produced on the southward sloping coastal plain of Texas, Louisi- 
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Fie. 3.—Petroleum Provinces of the United States. 
Rocky Mountain, Mid-Continent, Gulf, and Eastern Provinces. 
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ana, and Arkansas, warrant division of the area into an interior or 
Stratum field and a coastal or Salt Dome field despite the absence of 
any marked change in the regional structure. 

The close relationship in origin between the oil yielding areas of 
California, despite the presence of non-petroliferous rocks between 
them, can hardly be doubted. Similarly, depositional conditions must 
have been much the same throughout the Paleozoic of the eastern por- 
tion of the United States. In referring to large areas of such char- 
acter, the author uses the term ‘‘province.”’ 
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Much valuable information is also contained in the reports of state and na- 
tional geological surveys and similar publie organizations. Sometimes these are 
issued regularly. Thus, ‘‘California Oil Fields,’’ the report of the state oil and 
gas supervisor of California is issued mouthly. More frequently, the reports are 
issued at irregular intervals as individual bulletins. An inereasing amount of 
such material is being issued in mimeograph form as press notices with the ex- 
peectation that it will be printed by the various trade journals. The student will 
find the various publications of the U. 8. Geological Survey end Bureau of Mines 
to contain a large amount of valuable reference material. 


CHAPTER II. 


SOME PROPERTIES OF PETROLEUM. 


Petroleum is a mixture of varying proportions of different chemi- 
eal compounds. The physical and chemical properties of each indi- 
vidual oil depend upon the nature and amount of the several com- 
pounds present in that oil, The most prominent group of compounds 
present in all oils is the hydrocarbon family. As the name indicates, 
these are composed solely of hydrogen and carbon. Within the 
group are a number of subgroups and an unknown number of indi- 
vidual compounds differing’ from one another in physical and chemical 
properties. Some are normally gaseous, others are liquids, still others 
are solids. The liquids naturally predominate in petroleums; the 
gaseous, in natural gas. The solids are important in asphalt, ozokerite 
or mineral wax, and related bitumens. Gaseous and solid constituents 
may be dissolved in liquid petroleums. Easily volatilized compounds, 
which are normally liquids, are frequently contained in gases. Even 
the hardest asphalt will exude a little liquid matter on sweating. 

The subgroups have many properties in common but differences 
between them are of importance in determining the value of oils from 
the standpoint of the refiner. Within the subgroups the chemical 
properties of the various compounds are much the same; but they 
vary considerably in density, viscosity, volatility, and other physical 
properties. Within the same group compounds may be gases, liquids, 
or solids at normal temperatures. 

In addition to the true hydrocarbons, most crude oils contain some 
sulphur, oxygen, or nitrogen containing compounds. In the majority 
of the cases, these elements are chemically combined with hydrogen 
and carbon, and are known as sulphur, oxygen or nitrogen-bearing 
hydrocarbons. Hydrogen sulphide and elemental sulphur are not in- 
frequently dissolved in petroleum. Similarly, small quantities of 
nitrogen, oxygen, and water are of frequent occurrence. 

In some cases the sulphur, oxygen, and nitrogen may be con- 
sidered as indigenous to the oil containing them. In others they 
were certainly of later introduction. Earthy matter is commonly 
brought to the surface with oil. Most of this is probably held in 
temporary suspension but some would appear to be in a colloidal 
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state, if not actually dissolved in the oil. Analyses are seldom made 
to include the amount and nature of such matter; but small amounts 
of vanadium, nickel, phosphorus, and other elements have been found 
in some oils. The variety of compounds and elements present in nat- 
ural gas is much less than in that of the liquids. However, carbon 
monoxide, carbon dioxide, hydrogen sulphide, free hydrogen, oxygen, 
nitrogen, and inert gases, such as helium, have been found to occur 
with the hydrocarbons. The brines associated with petroleum and 
natural gas in their natural reservoirs contain an infinite variety of 
dissolved compounds. 

The physical properties of crude oils and of refinery products 
produced from them naturally depend upon the sum of the properties 
of the compounds of which they are composed. Thus individual oils 
show great difference in color, density, viscosity, and other physical 
properties. 

Color—Crude oils vary in color; some are practically colorless, 
others are pitch black. The highly prized erude oils of West Vir- 
ginia, New York, and Pennsylvania are largely of amber color. Green 
is probably the predominating color of medium gravity oils through- 
out the world. Heavy types, such as those of Mexico, California, and 
Venezuela, are commonly black. Some may have a greenish or brown- 
ish cast. The natural kerosenes and gasolines found occasionally in 
drilling in central New York State, parts of Cuba, and other areas, 
are almost colorless. They are of no commercial importance. With 
the exception of the very light oils produced in the San Juan Basin 
of northwestern New Mexico, those that are lighter in color than 
amber are of little commercial value because of the small yield of 
wells where they are found. Color in oils is frequently, although 
not always, an indication of value. It depends upon the presence of 
unsaturated compounds of the hydrocarbon type and various nitrogen, 
sulphur, and oxygen containing compounds. 

Oils of mineral origin have a distinct bloom or fluorescence when 
observed by reflected light. Because of this most oils thus viewed 
have a greenish cast. As the quality of fluorescence is not shown by 
animal and vegetable oils, this serves as a quick method of determining 
the origin of an oil, whether mineral or organic. 

Odor.—To a large extent the compounds responsible for the 
color of oils are also responsible for differences in their odors. The 
‘““gasoline’’ odor is typical of Pennsylvania, light Oklahoma, and other 
crude oils which contain large amounts of volatile hydrocarbons and 
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relatively small amounts of unsaturated, sulphur, or nitrogen contain- 
ing compounds. The pungent odor of the aromatie compound is 
prominent in East Indian, Russian, and some California erudes. The 
nauseating odor of hydrogen sulphide characterizes the high sulphur 
crudes of Mexico, Trinidad, and Venezuela. The odor is slightly less 
distinct in the oils of the Lima-Indiana and Petrolia (Ontario) dis- 
tricts, which contain somewhat less sulphur and different types of 
sulphur compounds. 

Density.—The density of petroleum is expressed either in terms 
of specific gravity using water as the base, or on the empirical Baume 
scale derived from it. The first is found by dividing the weight of 
a unit volume of oil by the weight of the same volume of distilled 
water at 60° KF. temperature. The result, as oils are lighter than 
water, is always a fraction or a decimal. Differences in specific 
gravity are not large even though the oils are of very different chemi- 
cal character. Because of this, readings to the second and third 
decimal places were necessary to indicate slight differences in gravity, 
which are of major importance to the refiner. In determining the 
density of liquids, the hydrometer method is the most satisfactory. 
The markings of the specific gravity hydrometer are not equidistant. 
As a result the empirical Baume scale, which uses whole numbers to 
bring out differences and equally spaced markings on the hydrometer, 
has largely displaced the specific gravity scale in the oil industry. 
The true Baume scale, also called the Bureau of Standards Seale in 
the United States, has a modulus of 140. Its relation to the specific 
gravity scale may be determined from the following formulas: 


140 
Specific Gravity 60°/60° F. 
140 
130 + Degrees Baume 


130 


Degrees Baume = 


Specific Gravity 60°/60° F. = 


The scale commonly used in the oil industry, and especially in the 
United States, is not the true Baume scale but has a modulus of 141.5. 
This scale has recently been made standard for trade usage and is 
referred to as the American Petroleum Institute scale or A.P.I. scale. 
All readings now made by oil companies and governmental bureaus 
in the United States are based on this scale. Older readings were 
partly based upon this and partly upon the 140 modulus scale. The 
A.P.L., or A.P.I. Baume scale reading may be converted into a specific 
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eravity decimal in the same way as the true Baume reading is; but the 
formula differs somewhat: 

145 
Specine Gravity 60°/60° F. 
; ery 141.5 
preg aa Degrees A.P.L. + 131.5 


Degrees A.P.I. = — 131.5 


Differences between readings on the A.P.I. and the true Baume 
scales are too slight to be of importance when crude oils and heavy 
fractions are being compared, but should be taken into consideration 
when comparing the light gasoline and benzine fractions. 

The heaviest crude oils now being produced in any quantity come 
from the Panuco district of Mexico, where oils of from shghtly more 


TABLE 3.—COMPARISON OF GRAVITY SCALES. 


Specific Baume Gravity] Baume Gravity Specific Baume Gravity] Baume Gravity 

Gravity B. of S. ACen Gravity B. of S. ASP Sl 

at 60° F. Modulus Modulus at 60° F. Modulus Modulus 

1.0000 10.0° 10.0° .7368 60.0° 60.5° 
.9655 15.0 altaya .7179 65.0 65.6 
9333 20.0 2 (se .7000 70.0 70.6 
9032 25.0 25.2 6829 75.0 tone 
.8750 30.0 30.2 .6667 80.0 80.7 
8485 35.0 39.3 .6512 $5.0 85.8 
.8235 40.0 40.3 .6364 90.0 90.8 
.8000 45.0 45.4 .6222 95.0 95.9 
1118 50.0 50.4 6087 100.0 100.9 
.7568 55.0 55.5 


than 10° Baume to 12 and 13° Baume are obtained. The light oil 
of the southern or Tuxpam district averages between 20 and 25° 
Baume. Mene Grande, Venezuela, produces some 16° Baume oil. 
Mueh of that of Argentina, California, South Texas, Trinidad, Baku 
(Russia), and Borneo, is of the same type as the light Mexican and 
Venezuelan erudes mentioned. 

The so-called light oils of California average between 28 and 35° 
Baume. The Infantas pool of Colombia, the Mendoza-Neuquen area 
of Argentine, and the Maidan-I-Naftun pool of Persia produce oil 
of the same general character. With the exception of the recent deep 
sand developments, the oils of the Mid-Continent provinee of the 
United States average between 32 and 40° Baume. Similar oils are 
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prominent in Wyoming, Illinois, Ohio, Ontario, and Kentucky. 
Practically all of the oil obtained in West Virginia, New York, and 
Pennsylvania is between 40 and 45° Baume. Several of the deep 
sand pools of Oklahoma produce 45° Baume oil, and Cat Creek, 
Montana, yields one of 49° Baume. Crudes lighter than this are 
so uncommon as to be classed as freak oils. However, substantial 
amounts of oil of 61° Baume gravity have been secured in the Hog- 
back and Rattlesnake domes in the San Juan Basin of New Mexico. 

Viscosity —The viscosity of oils is the measure of their resistance 
to flow. It decreases in all oils with increase in temperature. In 
general, viscosities vary directly with the density of oils. Thus the 
heavy Panuco oils require heating before they ean be pumped. The 
same is true of some of the California and East Indian erudes. Light 
oils, such as those of the Appalachian area, are only slightly more 
viscous than water at normal temperatures. In winter their viscosity 
rises with the congealing of the dissolved wax. Congealing of wax 
is extremely important in the medium gravity oils of the Panhandle 
area of northwest Texas. Here movement of oil through pipes in 
winter presents a serious problem. 

Viscosity measurements and comparisons are important in de- 
termining the lubricating value of oils and the ease with which they 
may be transported. Differences in viscosity of individual compounds 
may have been of major importance in determining the present char- 
acter of crude oils contained in the earth’s crust. Nevertheless, the 
methods of measuring viscosity are far from ideal. All of the instru- 
ments in use depend upon the measurement of the time taken for a 
given quantity of oil to flow through a small opening. The size of 
the opening and the manner of causing the oil to flow through it are 
defined for each instrument. Usually the oil flows by gravity. The 
instruments in common use in the United States are the Saybolt 
Universal and Furol viscosimeters; and in Europe, the Redwood, and 
Engler viscosimeters. 

The viscosities of a number of representative crude oils from 
North and South America as determined by the United States Bureau 
of Mines are given in Table 4. The gravity according to the A.P.I. 
modification of the Baume scale is also shown. The general relation- 
ship between gravity and viscosity is indicated, but abnormal viscosi- 
ties are also shown. 
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TABLE 4.—VISCOSITIES OF TYPICAL CRUDE OILS.* 


Saybolt Universal Viscosity 
Source A.P.I. Gravity 

At 70° F. At 100° F. 
Mexico, Cerro Azuliy see ills 1700 seconds 634 seconds 
IMIGEAGO), AUT, on 6 how dows eens Ws} over 6000 over 6000 
Trinidad, Morne L’Enfer Reserve 16.2 4120 1220 
Argentine, Comodoro Rivadavia. 2:). over 6000 2490 
Venezuela, Mene Grande....... 16. 4559 1370 
Colomibiagplnlianita serene: 28.8 144 89 
Pern, LOMO. 6 acsuccocsdnages 36.8 41 38 
Wioveautinys, CORRES, oo nag nua eecn: 37.6 102 62 
Olean, GeO. oo oancenococ: 45.6 38) 34 
Olklalngrnn, (Cusiomne. coo cas 39.8 47 37 
Olmi@, Sowisla WM. o-oo eocenanss 36.6 55 46 
(Caillinormia, Joost TEOWIS, oo ooo ey eo 18.4 1275 500 
Pennsylvania, Kean County..... 40.4 47 4] 
Ib@urisieime, WMI. 6.06 coca nce se 19.7 880 310 


* Analyses by U. S. Bureau of Mines. 


Coefficient of Expansion.—The tendency of oils to expand with 
increasing temperatures and to contract with decreasing ones has long 
been recognized. Allowances for expansion and contraction are made 


TABLE 5.—COEFFICIENTS OF EXPANSION FOR OILS OF DIFFERENT GRAVITIES 
AAO OS SBN 


mpecig Craven Change a cps Gr. Rocca ety enenEe iS set Gr. 

0.68 0.00058 0.79 0.00040 
0.64 52 0.80 39 
0.65 52 O.S1 39 
0.66 dl 0.82 39 
0.67 50 0.83 38 
0.68 50 0.84 37 
0.69 49 0.85 Bf 
0.70 49 0.86 37 
Ox 48 0.87 37 
0.72 47 0.88 36 
0.73 46 0.89 36 
0.74 45 0.90 36 
0.75 44 0.91 36 
0.76 43 0.92 36 
One 42 0.93 36 
0.78 41 


* Anderson, J.: Ind. Hng. Chem., 12, p. 1011, 1920. 
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in the sale of oils in quantity. The coefficient of expansion varies 
with different oils. In general it is less in oils of high density than 
in those of low density. The differences in the coefficients of expan- 
sion for oils of different gravities, as determined by the United States 
Bureau of Standards, are given in Table 5. 

It is also indicated that the coefficient of expansion is not the same 
for the same oils at different temperatures but decreases with rising 
temperatures. The following table is given by Bell to show the dif- 
ference in the rate of expansion of a Galician petroleum at different 
temperatures. 


TABLE 6.—\COEFFICIENT OF EXPANSION AT DIFFERENT TEMPERATURES FOR 
GALICIAN PETROLEUM.* 


Temperature in Coefficient of Expansion 
Degrees C. per Degree C. 
FPP seh Sno One) I MORNE: eco Sie aed 0.001095 
ANON eeceen ers Cheetah Ruse eS teenie Olea Bias one Re Reet 0.001103 
PAU. 3 Bit EAP a SORT ote oe RRC ERE Re Se Tee eee 0.0009643 
SAO cray J SNORE GAMER DIG SREB IR ok ABER Set ea 0.0008587 
NEE aint SRD Oo GoD Lah Oe Mette eee Cre ee 0.0008505 


* Bell, H. S.: American Petroleum Refining, p. 44, 1923. 


Volatility—The boiling point of methane, the most prominent 
constituent of natural gas, is —164° C. That of normal pentane, an 
important constituent of gasoline, is 36.3° C. From these the boiling 
points of the normal paraffin compounds which have been ascertained 
run up to 331° C. for pentatriacontane (C,,H,,.). The range in 
other families is similar. It is therefore impossible to speak of the 
boiling point of a crude oil, which is a complex mixture of many dif- 
ferent hydrocarbons. Furthermore it would appear that a very 
large proportion of the hydrocarbons present in crude oils do not 
have true boiling points but decompose or ‘‘ecrack’’ before they are 
vaporized. This is of extreme importance in the refining of the 
heavy lubricating fractions of paraffin base oils. Here many unde- 
sirable constituents cannot be removed by fractional distillation with- 
out destroying the value of the lubricant by the intense heat used. 
The absence of a true boiling point is equally important to the geolo- 
gist in considering the value of theories of the origin of oil involving 
distillation of the oil or of its parent substances. 

Solidification Many compounds contained in petroleum appear 
to have definite melting points. This is certainly true of the members 
of the paraffin series. Even the gas methane becomes a solid at the 
temperature of —184° C., or 20 degrees lower than its boiling point. 
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In the more complex compounds of the unsaturated types, there may 
not be a sharp point of demarcation between the liquid and the solid 
states. Crude oils, as distinct from individual compounds, cannot be 
said to have definite solidiieation points. Viscosity increases rapidly 
as zero temperatures are approached, and ultimately all oils pass into 
a state where they are too viscous to permit measurements of their 
viscosities in the ordinary manner. 

At that point they may be said to have passed from the true liquid 
state into the condition of plastic solids. If the chilling be continued 
still further, the solid state is finally reached. The exact nature of 
the process of solidification in crude oils is difficult to explain because 
of the known presence of dissolved solids, which tend to congeal 
ahead of the liquid parts. The large percentages of asphaltic con- 
stituents present in Mexican crudes and similar types make it impos- 
sible to pour these oils at even moderately cool temperatures. The 
wax contained in Pennsy!vanian oils separates out to cause cloudiness 
at high temperatures and prevent pouring of the oils at low ones. 
Yet the bulk of both types of oils is composed of ingredients that can 
be poured individually without difficulty at temperatures consider- 
ably lower than those at which the oil itself can no longer be poured. 
The general absence of any relationship between pour point (the 
lowest temperature at which pouring is possible) and density is 
indicated by the following : 


TABLE 7.—PouR POINTS or TYPICAL CRUDE OILS.* 


Source A.P.I. Pour Point in 
Gravity Degrees F. 
Mexico, ChapapoteNuneze ones score nein Oo Omit 
Mexico; MToteco:te sare urerac ales cece crete ree ame ee 10 
IMexa COV A TiO pill ater: aeteuen Momer nae mite eee ae ae ire 40) 
Rem auKCENl, MRENORIG INIT coor sn noceendobocacaas 41.7 below 5 
WML ARKC EL NMC) IBY ABIMEGIN, oo gs ooo do ons ann oe 16.5 below 5 
Westie Vali cunt ares kCelllivas Creer senreiere en ener 45.2 32 
West Virginia, Harrison and Doddridge....... 42.3 57 
Niven Waingeahatiels (Celoviey (Ginteelies ho ngs00dascacuaur 45.7 below 5 
Ieee, AUN OMA on oApcuoacusooaoooue 45.0 below 5 
IPouisyahyeniel, (Camere, Che, oon ancodooveoaunsoues 41.8 25 


* Analyses by U. S. Bureau of Mines. 


Surface Tension and Capillary Action The free surface of a 
liquid behaves much like an elastic membrane, the individual mole- 
cules having a definite attraction for one another. The force needed 
to pull apart adjacent portions of such surfaces may be measured. It 
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differs considerably in different liquids. The measure of the force 
in any liquid is known as the surface tension of that liquid. When 
the free surface of a liquid is confined to a very small area, such as a 
capillary tube, the liquid surface is also acted upon by the force of 
adsorption, the attraction of the surface of solid matter composing 
the wall of the tube for the liquid. Adsorption and surface tension 
tend to bring about the phenomenon called capillarity. Thus, any 
liquid, that wets the tube wall because of the mutual attraction of 
the wall material and the molecules of the liquid, will tend to rise in 
that tube until the weight of the column of liquid below the capillary 
surfaces balances the vertical component of the liquid’s surface ten- 
sion. The amount of the vertical component is determined by the 
angle of capillarity made by the liquid surface and the tube wall. 
This varies with the nature of the liquid and the nature of the tube. 
The force of capillarity rises with decrease in diameter of the tube. 
The tendency of liquids to rise in capillary tubes is materially lessened 
by decrease in their surface tensions, with increasing temperatures. 


TABLE 8.—SURFACE TENSIONS AND CAPILLARY CONSTANTS OF TYPICAL 
CRUDE OILS.* 


Bouree Specie | in Bynes per” | GeBaark 
Centimeter 
IRETING AV ANIA vie wees hi esieesac .799 24.07 Guli7 
Rem sy VATA aye isis says 1) 0 800 25.12 6.44 
RETIN SVL VAMIA sete causes eras .808 24.81 6.30 
BEMIS VV AINA etree yan cea rents 816 25.44 6.38 
(OR INOITONG ordeals Grate nana ree Oe 825 24.78 6.15 
kala oid Gracie wesecwte access Fates eh .838 26.19 6.40 
ORI nonin 2o5 Rak eo ae OF .846 25.03 6.06 
TEI@AIGI aha ard wentge eae nlee .865 26.59 6.30 
Olah oma mel wena tlreka ins = .870 26.59 6.26 
GaliOrmiatertte Vea iene Ne 876 25.70 6.00 
JRRCESSTIEI EY cc RR a .876 27.55 6.438 
TRUCE. BS Sas aon ne ene ee are a ee 878 27.82 6.49 
(CalMtarBan ts eel ae oe ee ieee orion 891 26.08 5.99 
Sey INGE WETE I ool Sane tae ee ee 901 26.13 5.94 


* After Rittman, W., and Egloff, J.: Ind. Eng. Chem., Vol. 7, p. 578, 1915. 

Note. The surface tension measurements were made by the use of the 
Morgan drop method. Values for the capillary constant were obtained from 
the formula: 

2 x surface tension 


Capillary constant = 9.8 X specific gravity 
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The importance of differences in surface tension upon the migra- 
tion of oil, gas and water, and upon their retention in sands and other 
porous reservoir rocks cannot be over-stressed. The surface tension 
of a water-air surface is about 72.8 dynes at 20° C.; that of ordinary 
oils is only about one third as much. While allowance must be made 
for the slightly greater density of water, the force available to bring 
about eapillary movement in water is seen to be materially greater 
than that for oils. It follows that the water may be expected to draw 
itself into the finest pore spaces of a rock and to force the oil into the 
larger pores. 

In general the surface tensions of oils vary with their density, but 
this is not always true. The ability of liquids to enter and maintain 
themselves in minute pores and openings is called the capillary eon- 
stant. As it is a function of both gravity and surface tension, it 
does not necessarily vary directly with surface tension. 

Optical Activity—Petroleum is said to be optically active; that 
is, it has the power of rotating the so-called plane of polarized light. 
Such rays, vibrating only in one plane, are strongly influenced by 
many organic solutions and liquids. Some cause the hght to rotate 
to the left, others cause it to rotate to the right. Practically all 
petroleums are optically active. Such activity is considered as being 
due to the presence of cholesterin, or phytosterin, or their derivatives. 
The importance of this in determining the origin of oils may be in- 
ferred from the fact that these two compounds are found in organie 
matter, the first beimg of animal origin, the second of vegetable origin. 

Other Physical Properties.—Other properties of petroleum and 
of its refined products, such as flash and burning points, calorific 
values, latent heats of vaporization, and specific heats, are of great 
importance to the refiner and the consumer. They do not so directly 
interest the geologist. 

Chemical Composition—The complexity of the composition of 
petroleum and the instability of many of its compounds make it im- 
possible for the chemist to isolate and study every individual com- 
pound. While investigators have done considerable in this line, the 
compounds that have been studied are largely those found in the 
lighter and more volatile fractions of the erude oil. These are com- 
pounds that are highly desirable from the standpoint of commercial 
value because of their stability. Much remains to be learned about 
the chemical and physical properties of the unstable, heavy and non- 
volatile compounds, which make up a large part of all oils and pre- 
dominate in the heavy types. 
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. The wide difference in the properties of different compounds pres- 
ent in petroleum, other than those caused by the presence of sulphur, 
oxygen, and nitrogen, may be traced directly to the unusual qualities 
possessed by the carbon atom. Carbon atoms are called quadrivalent 
atoms; that is, they have the power of combining with four atoms of 
a univalent element. Thus, four atoms of the univalent element 
hydrogen will combine with one of carbon to form the gas methane. 
No known compound of carbon and hydrogen contains more than 
four units of hydrogen to one of carbon. However, all except meth- 
ane contain less than that ratio. The explanation of this lies in the 
fact that carbon atoms have the power of uniting with one another. 
Thus the number of possible combinations between carbon and hydro- 
gen atoms becomes almost unlimited. 

Hydrocarbons,—The basic grouping of true hydrocarbons has two 
divisions: one, having the carbon atoms linked to each other in the 
form of a chain similar to the links of an anchor chain; the other, 
having the atoms linked in the endless circle or ring of the bracelet. 
The first group is known as the open chain, straight chain, or ali- 
pathic group; the second is called the closed chain, ring chain, or 
aromatic type. 

It is customary to place methane in the first group; but more 
properly it should be placed alone, as it is neither chain nor ring. 
Methane is the only hydrocarbon in which all of the valences of the 
earbon atom are linked with atoms of hydrogen. Strictly speaking 
it is the only compound in which the carbon atom is ‘‘saturated’’ with 
hydrogen. As the degree of saturation determines the stability of 
hydrocarbons from the chemical standpoint, methane is the most stable 
compound known. ‘Those that resemble it most closely in this respect 
are the hydrocarbons in which the percentage of hydrogen present is 
such as to make it necessary for the carbon atoms to link with the 
adjacent carbon atoms by one bond only. To these the name ‘‘satu- 
rated’’ is now commonly applied. 

In the alipathic group, this includes all of the compounds of the 
methane or paraffin series. In the ring chain type, it may be used in 
referring to the naphthene family. All other series of compounds 
contain two or more atoms of carbon linked to each other by two or 
even three valences and are referred to as unsaturated. Strict usage 
limits the terms saturated and unsaturated to series within the ali- 
pathie or open chain group, but the application to the ring types 
seems to be justified. The more prominent series of hydrocarbons 
recognized as being present in petroleum are listed. 
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TABLE 9.—CLASSIFICATION OF HYDROCARBONS. 


o 


Group Division Name Basic Formula 
Open chain....| Saturated Paraffin or Methane C, Bene 
Open chain....| Unsaturated | Olefine or Ethylene Crulon 
Open chain....| Unsaturated | Acetylene CrHan-2 
Open chain. ...| Unsaturated | Diolefine C7, Hens 
Open chain....| Unsaturated | Olefineacetylene CrHon— 
Open chain....| Unsaturated | Olefine terpene CrHen— 
Open chain....| Unsaturated | Triolefine CrHen-s 
IRIE, oo o gia eo8 Saturated Naphthene CrHen—-6+6 
[Rub eV oe ea tio acee Unsaturated | Benzene CrHen-s 

eer rere Unsaturated | Naphthalene, Anthracene, and | C,H2n-s to 
other series, probably main CrHen—20 
ring types 


Paraffin Series—Paraffin hydrocarbons are lighter than those 
compounds of the other series which approach them most closely in 
composition. The lower members of the series are gases, or liquids 
of low boiling point. Some of the solids melt at comparatively low 
temperatures and can be vaporized in the vacuum still, or in the 
presence of steam, without difficulty. Many of the higher members, 
while liquids at normal temperatures, are subject to decomposition 
before their boiling points, if they have true boiling points, can be 
reached even in the vacitum still. Compounds of this family are more 
stable chemically than those of the others. They do not react with 
acids or alkalines to any great extent; they are not attacked by 
oxidizing agents and are insoluble in water. 

Isomeric Compounds.—The table of paraffin compounds given in- 
eludes only the compounds of the normal type. In addition to these, 
there are an unknown number of other compounds differing from the 
normal in physical and chemical properties because of differences in 
internal structure. While preserving the principle of the open chain 
and the general characteristics of the family, they deviate from the 
normal types in some respects. The structural diagrams for the 
three pentanes, normal, iso, and neo or tertiary, are shown to indicate 
the assumed internal differences. The different compounds differ in 
physical properties sufficiently to give the impression of wholly dif- 
ferent compositions. In the higher members of the paraffin and other 


series, the number of possible variations from the normal is greatly 
increased. 
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TABLE 10.—PROPERTIES OF NorMAL, Iso, AND NEO PENTANE.* 


Composition Sp. Gr. Melting Point Boiling Point 
Normal CTE 0.6454 — 1380.8° ©. 36.3° C, 
Tso Caslr: 0.6393 —— 30.4 
Neo C,H — 20. 9. 
Normal Tertiary or Neo 
Pentane Tso-Pentane Pentane 
H H 
Ha-C--i HSC 
inh de Mel: Wa Jal Eigeet HH H 
Pee act oe y= 
H 7 j C—O CH (b= el H—C—C—C—H 
ee | | | | 
J56 Bal DaWedecemal inl Jel H H 
He Oa BE Sel 
fey lal 


* After Bell, H. S.: American Petroleum Refining, pp. 14, 16, 17, 1923. 


The paraffin family contributes the bulk of the combustible matter 
of natural gases all over the world. Its lquid members, together 
with dissolved solids of the same family, form the major part of the 
paraffin base oils produced in the Appalachian field. They are pres- 
ent in large amounts in the medium density oils of Oklahoma, Kansas, 
Peru, Galicia, Burma, and other areas. Small proportions of them 
are present even in the heavy crudes produced in Mexico. 

Olefine Series.—The true olefine or ethylene series is similar to 
the paraffin series except that two adjacent carbon atoms are joined 
by a double link. The members of the series are slightly heavier than 
corresponding members of the paraffin family. These compounds, 
while fairly stable, react with sulphuric acid and are readily attacked 
by oxidizing agents. While of frequent occurrence, they are by no 
means as prominent in petroleum as the paraffins or the naphthenes. 

Other Alipathic Compounds.—The acetylene series, in which two 
carbon atoms are linked together by three valences, is not a common 
series in petroleum. The diolefines series, of the same composition but 
differing in having two double bonds instead of the single triple one 
of the acetylenes, is found in many erude oils. It is also produced in 
large amounts in the cracking still. Diolefines are generally un- 
stable and are readily attacked by acids and oxidizing agents. The 
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qualities of the higher chain series are largely similar to those of the 


diolefines. 


ties is practically impossible. 


TABLE 11.—PROPERTIES OF NORMAL PARAFFINS.* 


Many decompose so readily that the study of their proper- 
Because of this instability, 


and the 


Name Formula Specific Gravity Melting Point Boiling Point 
iMietharie pene CH, 415 Sahel Oe |) SailGZle mC. 
HMM. ooo cases C.H, 446 172.1 — B44 
IPROTING odio oa ae C;3Hs 536 ———— | — 37. 
IBN Ss cc konnese CH .600 —135.3 il. 
IPentanesannenen CsHy 6454 —130.8 36.3 
Elexanc eet eee: CsA .6603 — 94.03 68.9 
Heptane (Neo) C7His .70186 — 97.1 98.3 
Octanenmmmneminr: CsH\s .7188 — 125.8 
INGOABINO. oc bcassn- CoHeo eelidal = 512 150.8 
BDecane a ae ee CyoHo2 7467 — 3l. ITB 
Endecane........ Cio, .7581 — 26.5 196-197. 
Dodecane........ CirHo¢ .7676 — 12. 214-216. 
Tridecane........ Ci3Hos .775 at melting — 6. 234. 

point 
Tetradecane...... Cis 30 775 as 4. D5 2e 
Pentradecane..... CisH 32 776 _ ss 10. 270. 
Hexadecane...... CieH 34 775 ys 18. 287. 
Heptadecane...... C,;H it a 22: 303. 
Octadecane....... CisH 38 Baie 28 Sie 
Nonadecane...... CisHa0 aii # 32 330. 
Hicosaneeeee ane CooHa2 778 oe 37 205. at 15 mm. 

of pressure. 

Heneicosane...... Coa 778 RY 40. Dias 
Docosane........ CoH ag 778 : 44. 224, ‘ 
Tricosamel........ Co3Hag 779 we 48. 234. S 
Tetracosane...... CosH 50 779 : ayil. 243. sy 
Pentracosane..... Co5H ie — 53.5 —— 
Hexacosane....... CopH 54 58. 
Heptacosane...... CoH 780 f 60. 270. ae 
Octacosane....... CosH sg 60. —— 
Nonacosane...... Cop Hoo —— 62.5 ss 
Hentriacontane. . . CaiHe4 Sl ne 68, 302. 
Dotriacontane. ... Co2H¢5 otal a 70. 310. a 
Tetratriacontane. . C2sH 70 —— Gales) —— 
Pentatriacontane, . C3sHj. oe Woe — 
Dimi vee C022 —_— 102. —— 


* Adapted from Engler-Hifer: Meyer and Jacobson, Lehr. d. org. Chem., 


2d Ed., I. 


discoloration and poor burning qualities of the products containing 
such compounds, they are extremely obnoxious to the refiner. 
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Naphthene Series—The naphthene series of hydrocarbons re- 
sembles the paraffins closely in physical and chemical properties except 
density. The compounds are much heavier than those of the paraffin 
series and than their isomers, the olefine compounds. They are 
slightly less stable than the paraffins, but distinctly more stable than 
the olefines. Naphthene compounds are present only in relatively 
small amounts in Pennsylvanian and other light oils, but form a large 
part of Russian, Californian, East Indian, and other heavy crudes. 
Like the paraffins, they occur in many of the mixed base crude oils of 
medium gravity. The properties of a few of the more prominent 
normal low-boiling point members of this series are shown in Table 12. 


TABLE 12.—PROPERTIES OF TYPICAL NAPHTHENES.* 


Name Formula Melting Point Boiling Point Specific Gravity 
Cyclopropane..... C3H, —126° C. | —35° C. Se 
Cyclobutane...... C:Hs — 80. 11-12 0788 at 07 Ce 
Cyelo pentane.... C; Ho — 80. 50 sTAGSHS) aE. (OCC 
Cyclo hexane..... CAs 6.4 80.8 to 80.9 NE Thsks) eho, WOH? (Cy 
Cyclo heptane.... C; His S= Wily te Wiley ihe |) Resa eye ay (Cr, 

763 mm. 
Cyclo octane...... CsHis 11-5 147.3 to 148.3 POOOrat Omer 
Cyclo nonane..... CoH 170-172 22 aig LOwaar 


* Adapted from HEngler-Héfer : Skowronski-Metan, 61, 73, 86, 97, 109, 1918. 


Benzene Series.—The benzene series is built around a central 
ring which contains six carbons alternately joined by single and dou- 
ble bonds. From this, by replacement of the hydrogens joined to the 
earbon atoms by the radicle CH,, a large number of compounds of 
varying properties is possible. They are fairly stable compounds but 
are attacked by concentrated sulphuric acid. The most prominent 
members of this series are benzene, toluene, and xylene. The first two 
have no isomers but the xylenes and higher compounds have. Ben- 
zene compounds are probably present in a large number of crude oils 
in small amounts. The percentage in the lighter oils is insignificant 
but the amount in some Californian, Persian, and Kast Indian crudes 
is believed to be fairly substantial. The properties of some of the 
members of the series are given in Table 13. 


30 GEOLOGY OF PETROLEUM AND NATURAL GAS 


TABLE 13.—PROPERTIES OF TYPICAL BENZENE COMPOUNDS.* 


Name Formula Specific Gravity Melting Point Boiling Point 
Benzene........ CeHe 8785 5.4° Cz 80.4° C. 
iRo lence C;Hs FAG) eh IG? (C- 97-99. 110.3 
Ortho xylene.... CsHi0 880 —28. 142. 
Meta xylene.... CsHio ASEH aie OPC. —53. 138.9 
Para xylene..... CsHyo .880 at 0° C. 3: 138. 
Mesitylene..... Co Hie ANGI hy, WS (CL —57.5 164.5 
O. cymene...... Cool 876 TRS 175-176. 
Dino | ae CoH 901 —79. 203-204. 


* Adapted from Engler-Hiéfer: K. von Auwers Ann., 419, 92-120, 1919. 


Other Ring Compounds.—Very little is definitely known of the 
other series of ring compounds, although it is probable that they form 
a large part of the non-volatile portions of heavy crude oils. Mem- 
bers of the naphthalene series have been identified in California and 
Borneo crudes. They differ from the naphthene and benzene com- 
pounds in having a double ring center instead of a single ring. Simi- 
larly anthracene compounds have been isolated from Russian oils. 
The boiling points of most naphthalene, anthracene and other higher 
ring types of compounds are high. Their study and identification is 
therefore difficult. They are heavier than the common open chain 
compounds and the members of the naphthene and benzene series. A 
few are probably heavier than water. They are so slightly known that 
little can be said of their importance. Their presence in relatively 
young oils and their apparent absence in the bulk of the oils of Pale- 
ozoie age present an interesting geological problem. 

Sulphur Compounds.—Next to carbon and hydrogen, sulphur is 
the most prominent element in erude oils. Some sulphur is dis- 
tributed throughout petroleums in the form of elemental sulphur. A 
considerable amount is present in the form of dissolved hydrogen 
sulphide gas. This is also present in natural gases. The bulk of the 
sulphur in most oils is probably present in the form of organic eom- 
pounds. Some of these contain oxygen as well as sulphur, hydrogen, 
and carbon. The sulphur containing hydrocarbons present a serious 
problem to the refiner and have been studied by many chemists. 
There appear to be at least six different series of these compounds : 
the thiophenes, thiopanes, sulphones, alkyl sulphides, mereaptans or 
alkyl hydrosulphides, and the alkyl sulphates. 

Some of the compounds are unstable and polymerize readily on 
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standing. Others are chemically inactive and are not affected by the 
ordinary acids and alkalines used in the refinery. Sulphur com- 
pounds are uniformly heavy. Most of the heavier types of oils con- 
tain large percentages of sulphur. However, the density of oils can- 
not be said to depend upon their sulphur content exclusively. Many 
of the heavier types contain only small percentages and owe their 
high densities to the presence of benzene, naphthalene, and other 
series of heavy ring compounds. The majority of the sulphur com- 
pounds have high boiling points, but a number are as volatile as the 
lower members of the naphthene and paraffin series. Sulphur com- 
pounds, in addition to increasing the density of oils, increase their 
viscosity. The sulphur percentages of some typical oils are given in 
Table 14. 


TABLE 14.—SULPHUR CONTENTS OF TYPICAL CRUDE OILS.* 


Source Percentage of Sulphur A.P.I. Gravity 

Ober Ormmev Ot hive Ul rpms cere tas tetlla ieveueters seas stair lersie 1.05% 35.6° 
Wikexalga), Cretatey: @WAVUls Gnigen cranes Oiiain ce eee cle otre 3.61 20.8 
IMGxtCO MoD wes treese ts ackeus eave srs “saci wie Oise 4.55 lial 
eiion adam Vowel Ise U Hn tene erative erence piers ite: Heil 16.5 
AE eM bINe,. COMOGdOLO! RIVACAVIA a. .44)-.. «oe 0.17 20.8 
Wieneziclam Vener. Grand Gl eus swciera citar ce sires ox 2.65 16, 

Montana we Cevin-SUn DUS bey abn te ae ity seen 0.96 24. 

Wiroiablinvens LOMO. oo 15 peo O one Dom otmon daa Geran 0.29 37.6 
Wiestanvan cinta Cant Creek ae jac ele arm 6s 0.19 45,7 
Calitorniars sunsets Vil diwaiy = mis -iee eri a « ele eis 1.16 Ce 


* Analyses from U. S. Bureau of Mines. 


Oxygen Compounds.—F ree oxygen is found in small amounts in 
petroleum. The bulk is contained in fatty acids, naphthenic acids, 
phenols, and similar compounds in combination with hydrogen and 
carbon. While it is believed that the oxygen content of many crude 
oils is between two and three perecent—an amount somewhat greater 
than the average sulphur percentage—less is known about oxygen 
compounds because of their relatively high boiling points. Like sul- 
phur compounds, they increase the viscosity of oils considerably. 
Similarly they add materially to the density. 

Nitrogen Compounds.—F ree dissolved nitrogen is found in oils 
and natural gases in variable amounts. Combined nitrogen, present 
in the form of quinolines and related compounds, probably oceurs in 
most petroleums. The amount is generally insignificant. In Cali- 
fornia and Japanese crude oils, the amount is large. Mabery * places 


1 Mabery, Charles: Jour. Soc. Chem. Ind., Vol. 19, p. 505, 1900. 
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the percentage of quinolines in some California oils as high as from 
10 to 20%. The amount of nitrogen present in the individual quino- 
line compound is so smal] that the nitrogen content of the oil is seldom 
more than one percent of the volume. Nitrogen compounds are 
known for their pungent odor, high specific gravity, and chemical 
instability. Their presence is important in discussions on the origin 
of oils. 

Other Ingredients in Petroleum.—Minor amounts of other ele- 
ments have been identified in petroleum. Much importance has been 
attached by those supporting inorganic theories of the origin of oil to 
the identification of nickel and vanadium in petroleum. The nature 
of the compounds containing these elements is not known. Until re- 
cently the existence of phosphorus in petroleum was not definitely 
proved, but Palmer! reports the occurrence of this element to the 
amount of 1/100 of 1% in oil from the Kern River district of Cali- 
fornia. 

The Base of Oils—While no individual oil can be said to be com- 
posed entirely of compounds of one family, it is customary to place 
oils in definite groups, the group being determined by the family of 
the most prominent type of compounds present. As most oils are 
composed largely of paraffin or naphthene base compounds, it follows 
that oils are commonly divided into paraffin base and naphthene base 
types. Between the two are a group of oils containing so large a per- 
centage of both types that neither ean be said to predominate over the 
other. Such oils are called mixed base types. Before the difference 
between the chemical properties of the several compounds present in 
oils was fully understood, the trade used the distinctions ‘‘ paraffin 
base’’ and ‘‘asphaltie base.’’ The distinction was based upon the 
fact that paraffin wax and petrolatum were produced in refining the 
first, and that a semi-solid or solid residue of asphaltic character re- 
mained after the lighter products had been distilled off the second. 
The term paraffin base of the chemist may be considered as synony- 
mous with the expression used by the trade. Practically all erude oils 
that yield solid waxes also contain large amounts of the liquids of the 
paraffin family. The waxes are themselves almost exclusively com- 
pounds of this group. 

While the term asphaltic may usually be applied to the oil with a 
naphthene base, the terms are not necessarily synonymous. <Asphaltic 
residues, while probably composed in part of solid members of the 


1 Palmer, C.: Eeon. Geology, Vol. 17, pp. 100-104, 1922. 
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naphthene family, probably contain larger amounts of heavy unsatu- 
rated ring compounds, sulphur-containing hydrocarbons, and oxygen- 
containing compounds. 

In general, paraffin base oils are of low density. They usually 
contain large amounts of gasoline and kerosene, moderate amounts of 
the higher boiling point fraction called gas oil and the lubricating 
distillates, and small but important amounts of non-volatile oils. The 
waxy matter is partly volatile at the temperatures of refinery stills 
and partly non-volatile. The non-volatile oil, possibly composed 
largely of isomers of the normal paraffins, contains a minimum of 
asphaltic matter. The naphthene base oil usually contains relatively 
small amounts of low boiling point fractions, moderate amounts of 
gas oil, and relatively large percentages of viscous but volatile lubri- 
cating oils. The residue is asphaltic. The percentage of asphaltic 
matter remaining in the still, and the amount of asphalt or carbon 
forming compounds distilled with the lubricating fractions, is widely 
different in different oils produced in the same areas. 

A further difficulty to the use of the term asphaltic base, in any 
but the most general manner, lies in the fact that the asphaltic residue 
is to a large extent the product of the decomposition of non-volatile, 
but probably liquid, constituents present in the erude oil. This is 
brought about by the intense temperatures of the refinery still. The 
amount of asphalt produced by the refinery from any given oil is 
subject to wide variation through changing the methods of refining. 


TABLE 15.—CONRADSON CARBON RESIDUES OF TYPICAL OILS.* 


A.P.le Carbon Residue of 
Source Gravity Non-Volatile Residuum 

Penn, ILO: ooo oseunese dobunonooaonudeso one 36.8° 7.2% 
iWenezuela, Mene Grande. sc ne.) ..--- cree e > 16. el 
Mieco, UNO soon cosuseognbea pono seo cob uno 22.5 22.8 
Cralliveremin, NIGH. . 5c boonnpoodouoonbnogeT 15.1 12.0 
Calta, Wire: IMGs 5 oao0qc0n0s000b0d000 21.5 11.1 
IKemeeRg, IRR MOL. so ocancéwannoonpopouooMeoaeo 29.1 18.6 
Wiekin, Wateaiaiy, “Wyler (bo cgso0co0nanauyongesoK 44.1 1.3 

36.5 10.5 


TEE APOE oo oon ooons on odoosuesboSmADOC 
exag, Damon MOUNGd a. ues piteseacsevinns sr ciere 218 3.1 
MNesens. INGHIIRE, Cho 50s a00os8eoOUon EE dogaDODUC 37. 3.9 


* The Conradson carbon residue may be defined as the percentage of solid matter 
left, when the portion of the oil which remains after distillation has been carried to 
300° CG. under 40 mm. of pressure, is heated to dryness in a retort without access to 
air. For method of making test see U. S. Bureau of Mines technical paper number 323. 


Analyses after U. S. Bureau of Mines. 
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Gravity is generally considered a good key to the base of the oil, light 
oils being largely of paraffin character, while heavier ones are of 
naphthene base or contain large amounts of asphalt forming matter. 
The percentage of asphalt contained in hght oils is uniformly low. 
The percentage contained in the heavier oils is extremely variable. 
This is indicated by the comparison of gravities and Conradson ear- 
bon residues of the non-volatile portions of representative oils given in 
Table 15. The carbon residue determinations were made by the Bu- 
reau of Mines and are probably the best indication of the asphalt 
forming tendencies of oils we have. 


CHAPTER. IC 


MINERAL BITUMENS RELATED TO PETROLEUM. 


As indicated in the previous chapter, the hydrocarbons and related 
compounds present in liquid petroleum include a number that are not 
liquids at ordinary temperatures. If permitted to stand in an open 
tank or reservoir, the gaseous constituents tend to escape from the oil 
and pass into the atmosphere. While the proportions of the several 
compounds present may differ, the compounds escaping from the oil 
are identical with those present in natural gas. Similarly the solid 
compounds that remain after the evaporation or distillation of the 
volatile ones are identical in physical and chemical properties with 
those present in natural asphalts, asphaltites, ozokerites and related 
substances. It is logical to expect that substances so closely related 
in occurrence and in chemical nature should have a common, or at 
least closely related, origin and history. 

If we admit the relationship between petroleums and these sub- 
stances, we are called upon to admit also a close relationship between 
liquid petroleum and pyrobitumens, as the latter grade imperceptibly 
into the asphaltites. The line of connection between the lquid petro- 
leum and the pyrobitumen is not clear, chemical and physical charac- 
teristics of the two groups being very different. If the asphalts and 
asphaltites did not form a definite connecting link, the interrelation- 
ship between the two extremes would hardly be recognized. 

While the relationship is shown in a somewhat different manner, 
there is ample proof of the kinship of petroleum and natural gas and 
kerogen or oil shale. Kerogen reacts only slightly with solvents, such 
as carbon bisulphide and carbon tetrachloride, in which crude oils, 
asphalts, asphaltites, and the bituminous matter of tar sands are 
readily dissolved. The products of the destructive distillation of 
shales include practically all of these obtained from ordinary erude 
oils. Kerogen shales are not all of the same type but grade into the 
torbanites, boghead cannels, true cannels, and ultimately must be eon- 
sidered as related to the true coals. 

The student of petroleum geology will recognize that any theory 
that attempts to explain the development of any one of the substances 
named without regard to its relationship to the rest is founded upon a 
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very insecure base. The theory that postulates the development of 
asphalt by inorganic agencies must also be capable of explaining the 
origin of asphaltic oils in the same way. Before discussing the the- 
ories of the origin and alteration of petroleum and of the substances 
closely allied to it, or attempting to show their importance as indi- 
cators of the presence of petroleum to the field geologist, it is necessary 
that we know something about their properties. 

Classification of Bitumens.—The natural division of bituminous 
substances is resolved into gases, liquids, and solids. The indefinite 


TABLE 17.—CLASSIFICATION, OF BITUMINOUS AND RELATED SUBSTANCES. 


Paraffin base oils 
Liquids ~ Mixed base oils 
Asphalt base and naphthene base oils 


Natural gas 
Gases Coal gas or mine gas 

Marsh gas 
Maltha 
Mineral tar 
Brea 
Chapopote 


Viscous liquids 


Asphalt 
; Gilsonite or uintaite 
Vein asphalts | Glance pitch or 
or asphaltites | Manjak 
Petroleum Grahamite 
bitumens Teale ae panies aa limestones 
and sandstones 


Asphaltic bitumens 


{ Ozokerite 
Mineral waxes Natural ceresin 
Paraffin soils, ete. 
Albertite 
Vein pyrobitumens ~ Wurtzilite or elaterite 
Solids 4 Pyrobitumens Impsonite 
Rock pyrobitumens { Bituminous schists, marbles, ete. 


Kerogen or oil shales 


Bogheads or torbanites, etc. 


Cannels 
Coals (Peats 
Lignitic coals 
Normal coals Bituminous coals 
Anthracites 


, Graphitic anthracites 
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character of the classification is evident immediately. On the one 
side, we find as a transition product between the true liquid and the 
true gas the substance, casinghead or natural gas gasoline; on the 
other, viscous substances, such as maltha and chapopote, which cannot 
be classed either as true solids or true liquids. 

The natural solids may for our purposes be divided best into 
groups according to the closeness of their relationship to petroleum. 
Those most closely related to petroleum are known as petroleum bi- 
tumens. Those in which the relationship to the petroleum bitumens is 
distinct, but the connection with the liquid petroleum not so clear, are 
called pyrobitumens. <A third division may be made to include the 
kerogen or oil shales; and a fourth, the various coals. 

Natural Gas.—Natural gas is found in some quantity in all of the 
oil pools of the world. It is composed largely of the compound meth- 
ane. Methane is also produced by the decomposition of organic mat- 
ter in Swamps and marshes. In this case it is known as marsh gas. 
Wells drilled into glacial drift in Iowa and Minnesota have yielded 
considerable quantities of a methane gas. This appears to have been 
formed by the decomposition of buried vegetable matter. ‘‘ Fire 
damp,’’ the cause of numerous explosions in coal mines, is composed 
largely of methane. It is generally considered as having been formed 
by chemical changes in the coal. The true natural gas is not limited 
to oil producing districts or pools but is frequently found alone in 
large quantities. The Monroe gas district of northern Louisiana, the 
Fort Smith-Poteau district of western Arkansas, and the gas belt of 
central Pennsylvania are areas of major importance which do not 
yield petroleum in commercial quantities. 

The composition of natural gas varies in different sections and in 
different producing horizons in the same pool. Hydrocarbons form 
the only important combustible substances present. They cannot be 
said to be the only ones present as some gases show a small content of 
carbon monoxide and others contain elemental hydrogen. In addition 
to methane, ethane is a common constituent of natural gas. Other 
volatile members of the paraffin series such as propane, butane, hexane, 
and heptane are of minor importance volumetrically but of great in- 
terest commercially. They are of high luminosity. 

Gases containing pereentages of pentane, hexane, and heptane 
sufficient to make their separation commercially possible are the basis 
of the large casinghead or natural gas gasoline industry. Gases in 
which the percentage of extractable constituents of this type is equal 
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to more than one gallon per thousand cubie feet of gas are called wet 
gases. Those in which the amount is under that, but is still sufficient 
to permit profitable treatment, are called lean or semi-dry gases. 
Those in which the content is so low that no effort is made to extract 
gasoline from them are called dry gases. Generally speaking, gases 
produced in pools which also yield oil are of the first two types. Areas 
yielding gas alone are frequently producers of the dry type. Many 
are worked in which the content of gasoline is only .1 to .3 of a gallon 
to the thousand feet because of the large volume of the gas available. 

The analyses of natural gases seldom show the percentages of indi- 


TABLE 18.—ANALYSES OF TYPICAL NATURAL GASES.* 
Other 
Source CHa Hydro- CO COs He Ne Hs Oz 
carbons 
Indiana and Ohio 

—average of 7 

analyses........ 93.36%) .28% | 638%) .25%| 1.76%) 3.28%) .18%| .29% 
Kansas, Augusta. ./76.48 {13.04 —— 2 —— |10.26 — | 0 
Kansas, Eldorado 

—1200-foot hori 

ASN Ase Cee 62.68 {11.82 == 10 —— |25.26 =—-— 14 
Kansas, Eldorado 

—1400-foot hori- 

ZO ESS ace ee 31.386 {12.78 ——— 12 —— |55.64 == 10 
California, Fuller- 

[GOT ee tye pe critena 86.7 9.5 || lars —— | 2.1 —— | 0 
Louisiana, Caddo. |96.5 0) —— | 14 —— | 2.1 —— |0 
Pennsylvania, Oil 

(CHUB AG Sacro oka ee 67.6 31.3 ——— 0 —— | il == 0 
Kentucky, Glas- 

ON eon om ama 23.6 69.7 —— | 2.5 —— | 1.3 2.9 0 
Texas, Petrolia... .|51.3 10.4 —— all —— |38.2 —— |0 
Ohio, Thurston. . ./91.2 iil 8 Ps Boll Qa —— 5) 
Arkansas, Fort 

SSngUNBOy oly ooo ooe 96.12 .02 .O8 .93 O1 Qe Se 13 
California, West 

Los Angeles... .|91. 27 — } 1. —— | 5.2 —- OL 
West Virginia, 

Morgantown... .|88.1 8.02 a 24 —— | 3.6 — = 
Oklahoma, Meyers |76.6 DRPA5) =e 745) —— |20.78 —— 12 
Oklahoma, Morri- 

fits oe magnet 57.89 {16.89 —— A —— |24.97 —— | 0 


* Analyses from the U. S. Bureau of Mines and the U. S. Geological Survey. 
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vidual hydrocarbons other than methane. It is probable that some 
olefines are present in most gases. | 

The most important of the non-burning constituents present In 
natural gas is nitrogen. Contained in the nitrogen percentage is a 
subordinate, but important amount of helium and still smaller 
amounts of other inert gases, such as argon and neon. Gas produced 
in Petrolia, Texas, contains about 1% of helium. Substantial per- 
centages have also been reported in the gases of other North Texas, 
Kansas, and Ohio pools. A national helium reserve has been estab- 
lished in Utah. The nitrogen percentage varies within a wide range, 
being less than 1% in some cases and greater than 50% in others. 
In addition to nitrogen, some gases contain appreciable quantities of 
oxygen and carbon dioxide. The totals are usually less than 1%. 
Occasionally hydrogen sulphide is found in sufficient quantity to give 
the gas a distinctly offensive odor. 

Natural Asphalt.—At the present time the asphalt on the market 
is more commonly an artificial refinery product than a natural as- 
phalt. It is produced in the refinery by distilling off all of the volatile 
fractions of a heavy or asphaltic base oil, such as might be produced 
in Mexico, California, Borneo, and Trinidad. If the residue produced 
is not sufficiently hard for the purpose for which it is intended, it is 
eustomary to blow air through it while it is still liquid and at high 
temperature. The oxygen unites with the hydrocarbons to produce 
an oxygenated product, whose viscosity is much greater than the un- 
treated type while still liquid, and which forms a much harder and 
more durable asphalt. The same result may be secured by the intro- 
duction of sulphur. 

Natural asphalt is found as a seepage deposit, in some cases oeeu- 
pying only a few square feet and in others extending over a number 
of acres. The best known deposits are those of the Trinidad asphalt 
lake in southwestern Trinidad and the Bermudez lake in eastern 
Venezuela. While natural asphalt is defined as a bituminous solid 
with little or no mineral matter present to contrast it with bituminous 
or tar sands and limestones in which mineral matter constitutes the 
larger part of the substance, such a definition must be used in a 
comparative sense only. The asphalt of Trinidad and Venezuela con- 
tains a variable amount of dissolved or suspended matter, such as 
sand, clay and soil. In addition it contains organic matter other than 
bituminous matter, such as leaves, twigs, and branches, which have 
been carried upon the asphalt surface and become imprisoned in the 
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viscous material. Most analyses of natural asphalt include such mat- 
ter in part with the mineral impurities and in part with the bitumi- 
nous matter. The analyses of several typical asphalts are as follows: 


TABLE 19.—ANALYSES OF TYPICAL ASPHALTS.* 


Source Bitumen ' Mineral Matter Gravity Melting Point 
‘SMenmMGeNl, - nace ce saa- DOMIG 36.8% 1.400 190° F. 
Berne Zigey ae een e 94. Py. 1.085 180 
(Gloster 75.1 21.4 1.305 240 


* After Cross, R.: Handbook of Petroleum, Asphalt and Natural Gas, p. 474, 1924. 


The bituminous matter is largely soluble in carbon bisulphide. 
Analyses of this bituminous matter show it to be composed mainly 
of carbon and hydrogen as are petroleum oils. In addition a high 
percentage of sulphur seems to be common. Clarke? reports the 
finding of from 3.28% to 9.76% of sulphur in the analyses of eighteen 
hard asphalts. While oxygen is undoubtedly present in most natural 
asphalts, it is usually a minor constituent. In this the natural asphalt 
differs materially from the air-blown product of the oil refinery. 
Nitrogen is a subordinate element in natural, ordinary refinery re- 
siduum, and air-blown asphalts. 


TABLE 20.—COMPARISON OF BITUMINOUS MATTER IN ASPHALTS.* 


Source Carbon Hydrogen | Sulphur Nitrogen Oxygen 
Mirinidadsnatunaleemerercc eee 62.60% | 10.60% | 6.50% 50% a 
Kansas refinery residuum...... 85.51 11.88 0.71 82 0.63% 
Kansas refinery air blown...... 84.37 10.39 0.42 PRI 4.61 


* After Cross, R.: Handbook of Petroleum, Asphalt and Natural Gas, p. 219, 1924. 


Soft Asphalts——The term asphalt is best restricted to the types 
produced in Trinidad and Venezuela. The soft varieties are closely 
related to them but appear to be of somewhat different chemical com- 
position. The sulphur content in soft asphalts ranges from less than 
1% to slightly under 3%. It is probable that the hydrocarbons in 
the two types differ somewhat. Those in malthas and other soft 
asphalts are of lower average viscosity and melting point than those 
in the harder types. Deposits of soft asphalts are not so striking in 


1 Clarke, F. W.: U.S. G. S. Bull. 770, p. 739, 1924. 
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size and not so important commercially as those of the ordinary hard 
type. However, deposits of maltha, mineral tar, brea, chapopote, or 
similar substances are common in all oil fields of Tertiary and Creta- 
ceous age in which heavy oils are produced. They are important 
indicators of the presence of oil. 

Asphaltites—The primary distinction between asphalts and 
asphaltites is that the latter are found in vein deposits below the sur- 
face, while the former are found at, or immediately below, the surface 
in association with seepages. -Asphaltites are generally harder than 
asphalts. They are more difficult to fuse. However, like the as- 
phalts, they are largely soluble in carbon bisulphide. Distinctions 
between individual substances in the group are not clearly defined. 
In fact, the differences between the group as a whole and the pyro- 
bitumens are not well understood. Some authorities define asphal- 
tites as hydrocarbons that are substantially free from oxygenated 
bodies and ecrystallizable paraffins. Such a definition would include 
gilsonite or uintaite, and manjak or glanze pitch, but exclude gra- 
hamite, as these substances are defined by some writers. Guilsonite, 
which has many of the properties of the others, is considered by some 
to contain as much as 6% of oxygen. Because of this, it would appear 
advisable to broaden the definition so as to include all vein hydro- 
earbons that are soluble in carbon bisulphide except those of the 
ozokerite type, which contain large amounts of erystalline paraffin 
wax. Thus all substances of similar physical properties would be 
included regardless of the presence or absence of oxygen. 

It would appear that grahamite is generally less easily fused than 
the other substances in the group. Some authorities try to differenti- 
ate between the several asphaltites according to the content of mineral 
matter present. Others base their distinctions upon the content of 
petrolenes, compounds which are soluble in both petroleum ether and 
carbon bisulphide, in contrast to those which are soluble only in carbon 
bisulphide. Most industries using such materials purchase them on 
the ‘‘use and see the effect’’ basis and specify the product of a certain 
locality after they have found it to be satisfactory. Definite distine- 
tions on a scientifie basis are not possible at this time and any that are 
based on common usage in different sections would only lead to greater 
confusion, 

Mineral Waxes.—Mineral waxes are not as common as the as- 
phalts and asphaltites. The only natural mineral wax of economic 
interest is ozokerite. This is found in Galicia, India, Utah, and the 
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Caucasus Mountains of Russia. Of these, the only deposits that are 
worked on a large scale are those of Galicia. Refined ozokerite or 
ceresin may be defined as a pure paraffin solid, composed essentially of 
high melting point compounds of the paraffin series, from which the 
asphaltic and unsaturated hydrocarbons originally present in the 
ozokerite have been removed by chemical treatment. It is white in 
eolor and resembles ordinary refinery paraffin wax in physical ap- 
pearance but differs in having a much higher melting point. In some 
places deposits of ozokerite approaching ceresin in composition have 
been found, but such deposits are rare and their size too small to be 
of economic interest. 

The distinction between ozokerite and asphaltites lies in the large 
percentage of mineral waxes in the former and the relatively low 
percentage of asphaltic matter. Its color varies from a yellow to a 
deep brownish black, depending upon the percentage of asphaltic mat- 
ter contained. It is soft, unctuous to the touch, easily fused, and 
distinetly soluble in all petroleum solvents. Most of the deposits are 
vein-like in form, but some ozokerite is found and recovered from the 
pore spaces and openings in the rocks and soils associated with the 
veins. 

Closely allied to ozokerite are the soft waxes which separate from 
paraffin base and mixed base oils having a large content of paraffin 
wax. Some of this wax separates out in wells and tends to clog the 
working barrels and tubing. Well wax is yellowish brown in color 
like some ozokerites but differs in being very soft and having a lower 
melting point. This is apparently due to the predominance of low 
melting point solids and even to the inclusion of some true liquids. 

Pyrobitumens.—As with the asphaltites, definite distinctions be- 
tween pyrobitumens are not possible. In fact, only after a lon# and 
bitterly contested law suit was it legally established in 1851 that 
albertite or Albert coal, a vein pyrobitumen found in Albert County, 
New Brunswick, Canada, was not a true coal. Albertite is a brilliant 
jet black substance that is slightly soluble in carbon bisulphide. It 
differs only slightly from wurtzilite. The latter is also called elaterite. 
Another variety, impsonite, is more fusible than albertite but is sub- 
ject to decrepitation on heating. The pitch coal of Coos Bay, Oregon, 
is considered as belonging to this family. The analyses of pyrobitu- 
mens show somewhat less hydrogen to the unit of carbon than do the 
asphaltites. Oxygen is apparently present in all pyribitumens, and 
nitrogen is mentioned in some analyses. 
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Bituminous Rocks—With the exception of ozokerite bearing 
rocks and soils, all of the substances discussed have been composed 
mainly of the bitumens themselves. The occurrence of dirt saturated 
with asphalt or paraffin has been reported in many fields. The con- 
nection of such deposits with the escape of the more volatile com- 
pounds or the alteration of others by surface agencies is usually suffi- 
ciently clear to indicate that they are residual products from oil 
seepages. The bituminous matter constitutes but a small percentage 
of the dirt or soil in most cases. 

In addition to such surface deposits, there are widely scattered 
deposits of rock character containing variable percentages of solid 
bituminous matter. The origin of these is not always apparent. 
Bituminous or asphaltic sandstones have been mined and quarried on 
a small scale for many years in Texas, California, and Kentucky. 
Bituminous sandstones are also known in Utah and Missouri and 
bituminous limestones occur in Oklahoma, Texas, Utah, and Missouri. 
Rocks of similar nature are utilized in France, Germany, Italy, Swit- 
zerland, and other countries of the Old World as paving materials. 

Probably the best known bituminous rock deposit is the Athabasca 
tar sand found outcropping along the Athabasca River in Alberta, 
Canada. This tar sand differs from most of the bituminous rocks in 
that its bituminous matter is more of the nature of a very viscous 
liquid than of a true solid. 


TABLE 21.—ANALYSES OF ASPHALTIC RockKs.* 


Source Type % Bitumen 
Sicily, Ragusa. htm qlee ra serancese cairn oes Limestone 9.9 
UE AGey ASL Nate ened oun, oC lib GrAtlow trolo al nooo Limestone 5.9 
HTANCe, MEMOTS eitecrae ete conta teat ee eer torre Limestone 8.9 
Missourt, & Cassi Cotes renee serie erase eter Limestone 6.9 
OMbinowm, IBWONMORN. .6ooccogoansavonsuunvut Limestone 5.9) 
Kentucky, Breckenridge Co................... Sandstone 9.2 
MENGE, INCN NMG so oopesosnods0cceanoene Sandstone 9.2 
Bisson, Iekikaferinsnallle yo Guu dakaAdomennsaune Sandstone io 


* After Cross, R.: Handbook of Petroleum, Asphalt and Natural Gas, p. 475, 1924. 


Kerogen or Oil Shale.—The term kerogen shale, while subject. to 
some misuse, does not convey the erroneous impression that liquid 
petroleum is present in the shale to the same extent that the name 
oil shale does. Kerogen may be defined as a carbonaceous substance 
present in some shales which, on being heated, produces a erude oil 
having much the same character as petroleum. Under the microscope 
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kerogen appears to consist of minute globules or irregular laminae of 
yellow to dark brown or nearly black matter. The percentage of this 
material present bears a very definite relationship to the amount of 
oil that can be extracted from the shale. In true kerogen shales the 
percentage of kerogen present is always less than the amount of ash 
or true mineral matter. 

The ash percentage in one of the shales from the Green River sec- 
tion of Wyoming is placed as low as 51.8%. This is exceptional; 
most of the richer shales in the same area contain more than 60% of 
ash. In the shales of Kentucky, Indiana, and Scotland, the ash is 
usually equal to 70% or more. The analyses of the ash indicate a 
composition similar to that of ordinary shales and clays: silicates of 
aluminum and iron, variable percentages of quartz, and compounds of 
calcium and magnesium. There is no evidence of abnormal composi- 
tion except in the shales of the Phosphoria formation in Montana. 
Here the ash contains as much as 10% of phosphorus pentoxide com- 
bined in the form of a phosphate. 


TABLE 22.—ULTIMATE ANALYSES OF KEROGEN SHALES. 


Analyses on Ash-free Basis 


Source Ash % Authority 
Oxygen 

Carbon |Hydrogen} Nitrogen} Sulphur | (by Dif- 
ference) 


Scotland, Brox- 
[AULA % G oruncenaee 19.51%| 2.48% | 0.69% | 1.86% | 3.81%| 72.65%| McKee * 
Scotland, Pum- 
pherston....... 24.88 | 3.67 0.68 0.80 8.07 | 61.90 | McKee 
Australia, Com- 
monwealth 
(really a tor- 
loeHMIN))- np onooes 63.58 7.81 0.81 0.43 4.41 |22.96 | McKee 
Scotland, average | 25.27 | 3.67 1.14 0.49 5.65 |63.78 | Mills 7 
Utah, Soldiers 
SUTTON Gemini ilo oileme jill 0) 0.28 0.39 18.00 |66.12 | Davis, B. of 
M.t 
Nevada, Elko....| 37.15 | 5.13 0.39 1.08 10.04 | 46.21 | Davis, B. of 
M 


Colorado meee 22.0008 2.02 0.55 0.55 10.67 | 62.93 | Davis, B. of 


M. 
a 


* McKee, J.: Shale Oil, p. 77. 
+ Mills, E. J.: Destructive Distillation, p. 50. 
Sais, Uh ILS Wie Shes Sh tule Cee Ios 16, 
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Except for the moisture content, the rest of the shale is kerogen. 
The analyses given indicate that this is equal to about 30% of the 
total weight in the Scotch shales and somewhat more in some of the 
Green River shales. This is misleading as the analyses given are those 
of shales that have been exploited commercially or are considered to 
be of potential economic importance. While not of direct commercial 
interest as a source of oil, the shale containing as little as 1% of kero- 
gen should still be classed in the same group. In discussions of the 
relationships between petroleum and kerogen shales, the lean, commer- 
cially useless shales are of as great importance as the richer types. 
As already inferred, kerogen is not oil but the source of oil. The best 
proof of this lies in the inability of petroleum solvent, in which ordi- 
nary petroleum oils are entirely soluble, to dissolve more than a small 
portion of the kerogen content of ordinary shales. This is indicated 
in Table 23. 


TABLE 23.—THE SOLUBILITY OF KEROGEN.* 


Kentucky eae moyenne Green River, 


Wyoming 

Oily iG dist C7 seem gare ee ee OS 16.64 13.64 22.67 
Gallonsipen lon ttteeaeaanennne 18.22 44.60 35.75 58.65 
Extraction with solvents. 
Carbon tetrachloride 

Ce Sao cowl, os oannacecaas 0.037 0.74 2.04 1.195 

% of distillation yield soluble... . 0.51 4.45 15.42 5.27 
Carbon bisulphide 

Gey ON AMENE SOMONE, oo seo coc os 0.015 0.76 1.85 MEP ATE 

% of distillation yield soluble... . 1.44 4.57 13.97 5.58 
Acetone 

Jot shale solubleneye.se sss ane —_—— 0.58 1.38 122 

% of distillation yield soluble. ...| ———— 3.16 10.04 Doo 
Ether 

Cr On Ga ole. oo oo ak cn - 0.745 — 

% of distillation yield soluble... .|> ———— 4.48 — a 
Benzol 

Gio (Ni OMEN OMIM, yo sae ns on ant 0.06 0.91 2.23 NES 

% of distillation yield soluble. ... 0.82 5.47 16.84 6.02 
Chloroform 

ool shalleysoluly cae eee 0.14 15 2.41 1.75 

°% of distillation yield soluble. ... 1.99 6.32 18.22 Nite, 


i After Gavin, Martin J., and Aydelotte, John T.: Bureau of Mines Reports of In- 
vestigations, Serial No. 2313, Jan., 1922. 
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Nature of Kerogen.—There is considerable difference of opinion 
as to the exact character of kerogen. Some, notably Cunningham- 
Craig,’ consider it to be an inspissated petroleum, somewhat altered 
and adsorbed by the shale particles. A more general view is that the 
kerogen is indigenous to the shale and is the product of alteration of 
organic matter. Regardless of the theory supported, it is certain that 
the products of the retorting of shales are not the products of ordinary 
distillation, as the term might be used in reference to the boiling of 
water, gasoline, or kerosene, but the products resulting from the ‘‘de- 
structive distillation’’ of the kerogen. The process may be con- 
sidered as analogous to the coking of coals or even to the cracking of 
heavy non-volatile oils in the high pressure and high temperature 
eracking still of the petroleum refinery. Within certain limits the 
nature of the products from any given shale may be regulated by the 
retort man through the introduction of steam and the variation of 
temperatures and pressures. 

With the development of the oil shale industry on a large scale the 
accumulation of proximate and ultimate analyses of oil shales will 
make it possible to compare their qualities with a fair degree of cer- 
tainty. At present the number of such analyses available is limited; 
and those available were made under different conditions. Thus the 
percentage of fixed carbon left in the shale may vary within wide 
limits with different methods of retorting. Similarly the nitrogen, 
oxygen and sulphur may be retained in combination with the hydro- 
gen and carbon or form separate compounds, such as carbon dioxide, 
ammonia, or hydrogen sulphide, by uniting with either of them alone. 
The nature of the hydrocarbons produced is subject to variation with 
different conditions just as the amount of the yield varies. 

In comparing shale oils with ordinary petroleum oils, the possi- 
bilities of materially changing the character and amount of the oil 
produced from the individual shale must be kept clearly in mind. 
The gases produced in the shale retort contain large amounts of free 
hydrogen as well as methane and other compounds which might, by 
changing the conditions of retorting, be utilized in the production of 
saturated compounds instead of unsaturated and therefore less de- 
sirable ones. If this were accomplished, the similarity between shale 
oils and petroleum oils would be much more marked. 

1 Cunningham-Craig, E. H.: Origin of Oil Shale, Royal Soe. Edinburgh Proe., 
Vol. 36, pp. 44-86, 1916. 
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* 
TABLE 24.—COMPARISON OF CHARACTERISTICS OF TYPICAL SHALE OILS. 


Gravity Gasoline Larne Total oer 
Source Frac- Tops t OL of a of Resid- 
Spg. Baume oe Tops Giles uum 
Colorado, Grand Val- - 
leyat(an See eae ce 891 27.1 | 27.4% | 58.2% | 40.7% | 81.2% | 9.4% 
Colorado, Grand Val- 
Ley" (10) anernteeea secheter es 922 Pale) || PBS} 42.2 46.3 81.3 13.5 
Utah, Soldier Summit 
(a) ease ceutetteaders 908 24.2 | 16.4 34.2 40.5 76.8 9. 
Utah, Soldier Summit 
(Orestes ee treo 890 Pfs || iley 38.5 39.6 85.5 6.4 
Indiana (composite)...| .940 18.9 | 26.1 47.5 Siel 81.1 22. 
SCOt/ a0 Caer .864 V4. 16.68 | 37.10 | 32. 66.21 —— 
For comparison 
Pennsylvania Crude 
PRetroleumeen eee meee ADA | 31.93 52.76 4.1 80.39 —— 


* Adapted from Gavin, M. J.: U. S. Bureau of Mines, Bull. 210, 1922. 

+ Gasoline fraction equals percentage distilled to 200° C. 

+ Tops fraction equals total distilled to 275° C. 

§ Total distilled equals amount distilled under atmospheric pressure plus that dis- 
tilled up to 800° C. under 40 mm. of pressure. 


Coals.—While coal is not found in all areas in which oil is pro- 
duced, there are a sufficient number of areas producing both to bring 
up questions of the identity in origin or at least of the possibilities of 
similarity in origin. In speaking of coals, it is usual to mention only 
the normal types: hegnites, bituminous coals, and anthracites, and 
their various subranks. Normal coals are now generally considered 
to be the products of the progressive alteration of some form of peat 
laid down in swamps in previous geolegical periods. This view is sub- 
stantiated by the finding of plant and tree remains in coal deposits 
and the close relationship between the lower ranks of coal and peat. 
The lhgnites closely resemble peat in being high in moisture and vola- 
tile matter and low in fixed carbon. In the bituminous ranks the 
amount of moisture is low, but considerable volatile matter remains. 
In anthracites the volatile matter is reduced to a very small percentage 
of the total and the bulk of the coal is composed of fixed carbon. 

As the terms volatile matter and fixed carbon have empirical 
meanings, their definition is necessary. Analyses of coals are made 
in two ways—the proximate and the ultimate. The latter gives the 
elemental composition of the coal, but is long and tedious to make, and 
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does not directly indicate the value of the coal for burning purposes. 
The proximate analyses do not give the percentage of any individual 
element, but do indicate the manner in which the coal will act in 
a furnace, and indirectly indicate the general manner in which the 
elements present in the compounds of the coal are linked together. 

The moisture content, which is of no value from the heat stand- 
point, is defined as the portion of the coal that is driven off when coal 
is heated for a short period at 105° C. or slightly above the boiling 
point of water. The volatile matter is considered as equal to the 
portion of the coal that is driven off when the coal is heated in a closed 
retort without access to air over a Bunsen flame. The remainder con- 
sists of the so-called fixed carbon and the ash. The fixed carbon per- 
centage is arrived at by burning off the combustible matter in the 
sample remaining after the volatile matter has been driven off, and 
subtracting the ash, which does not burn. 

Part of the volatile matter is not combustible and the fixed earbon 
is known to contain small amounts of hydrogen and oxygen as well as 
earbon. It may also contain some sulphur. Both ultimate and proxi- 
mate analyses are important in comparisons of coals and oils and 
their intermediate substances. 

Like kerogen shales, coals contain small proportions of nitrogen 
and sulphur. The percentage of mineral matter in coals is variable 
but in commercially exploited coal beds in the United States averages 
less than 10%. This is very small in comparison with the ash content 
of kerogen shales. However, it should be noted that the ash content 
of coals worked in other parts of the world runs as high as 380%. 
Other beds, which may be variously referred to as black slates, bone 
coals, or carbonaceous shales, contain still higher percentages of 
mineral matter; and because of this, are not of economic value. 

The outstanding difference between coals and kerogen shales lies 
not in the relative percentages of ash that they contain but in the 
differences in the nature of their combustible matter. Ultimate anal- 
yses of kerogen show the presence of only a small amount of oxygen 
in comparison with the percentage of carbon and hydrogen. The 
analyses of the several ranks of coal show oxygen to be almost as 
important a constituent of coal as carbon in the lower ranks. Its 
amount decreases in the higher ranks but is always materially higher 
than the percentage of hydrogen. 
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“if ND * 
TABLE 25.—ULTIMATE ANALYSES OF REPRESENTATIVE NORMAL COALS. 


Rank Sulphur Hydrogen Carbon Nitrogen Oxygen 
Woo d:esayck eee aciee cheaee —_—— 6.25% | 49.50% | 1.10% | 43.15% 
HBL oeh eat ia nA LANES. ener Nes E ot 1.48% 4.69 48.57 2.54 28.89 
IbiPaathtSng 6 an.cd ooo do moe ator aod 1.89 4.74 72.79 0.98 19.60 
Sulb=piuumlnOU Smetana 50 4.74 76.28 1.47 17.01 
PUNTO, oon oon nndoosnod ae 1.06 5.39 87. iB 5.18 
Semler turimi NOUS einer 2.02 4.37 89.07 1.40 2.64 
Semil-antnracitc nae einer Gite 74 3.76 92.15 1.18 Deal7e 
ANMAMENOME 6 6 cance occ 0 aon be 1.00 ILy 94.13 0.71 PS} 


* After Moore, B. S.: Coal, p. 96, 1922. Analyses on the moisture and ash free 
basis. 


The high percentage of oxygen of the normal coals of lower rank, 
such as the lignites, is found to be accompanied by woody structure in 
many cases. This immediately brings up questions concerning the 
chemical nature of woods. In general, woods are considered to be 
composed of about equal parts of cellulose and lignocellulose. The 
percentage composition of these two substances is as follows: 


Cellulose Lignocellulose 

44.44% Carbon 47.07% 
6.18 Hydrogen 5.89 

49.38 Oxygen 47.05 


However, the average analyses of woods show a somewhat lower 
content of oxygen and larger amounts of carbon and hydrogen. Such 
differences are found in many instances to correspond with differences 
in the content of resins and related substances present. These are 
composed essentially of carbon and hydrogen and contain little or no 
oxygen. It is evident that from the analyses of the normal coals given 
that these, while present, do not form an important part of such coals. 

Cannel Coals.—On the other hand, the low percentage of oxygen 
and large amount of hydrogen contained in the several types of 
cannel coals is definite proof that these are not normal woody coals 
but coals of entirely different origin. Cannel coals are of various 
ranks, the divisions being similar to those of the normal coals; but 
such divisions are not well established because of the limited extent 
of the deposits in which they are found. The analyses of the higher 
ranks are much like those of the normal coals; but those of the lower 
or true cannel types are quite different. 
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The differences in chemical character may be due to differences in 
the nature of the source materials from which they were formed. The 


TABLE 26.—ANALYSES OF CANNEL COALS.* 


Source elie rr Sulphur fale Carbon pie Oxygen 

Kentucky, Flambeau, 

dalmingoin COs. 25 oco ns 55.0% | 44.4% | 1.38% | 7.18%| 82.59%) 1.33% | 7.57% 
Utah, Glendale, Kane 

Co., subcannel...... 67.6 32.3 Lay) odes |) WARS «|| Tay? 15.90 
England, Wigam...... —— | — /14 6.08 | 79.2 ill HP 
Kentucky, Brecken- 

TIC CC ee ter ape ae ais = === === 7.8 82.3 PARC 7.0 
Scotland (torbanite or 

boghesd) 2. 2.22. ill 80.4 8 6.7 


* After Ashley, G. H.: U. S. G. S. Bull. 659, pp. 19-20, 1917. 


suggestion that they are the product of the alteration of resinous or 
other matter largely composed of hydrogen and carbon, rather than 
cellulosic or carbohydrate matter composed of carbon, oxygen, and 
hydrogen, appears to be a logical one. It is also possible that they 
have been subjected to a different type of alteration than that to 
which the normal coals have been. In either case the close relation- 
ship between cannel coals and the organic matter of the kerogen shale 
indicated by the chemical analyses demands careful consideration of 
their origin. The kinship of this group of coals and the petroleum 
family as a whole may be inferred from the fact that the inception of 
the Scoteh-English shale oil industry came through the recovery of 
coal oil or kerosene from a ‘‘torbanite cannel’’ in Linlithgowshire in 
1851. In the United States, Kentucky cannel coals were sources of 
kerosene before the drilling of the first well in Pennsylvania. 

Cannel coals differ from the normal types in physical as well as 
chemical properties. They lack the ‘‘xyloid’’ or woody structure so 
common in the normal coals. They are dull instead of lustrous, and 
break with a distinctly conchoidal or shell-like fracture instead of in 
blocks. Microscopie examination further sustains the megascopic ex- 
amination in bringing out differences between the two types. 

Such examinations, however, tend also to bring out differences be- 
tween cannels themselves and lead to further divisions of these con- 
necting links between the coal and oil families. Ordinary cannels are 
considered as having been formed mainly from the spores, pollens, and 
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resinous bodies of land piants. This explanation does not wholly ae- 
count for the unusual properties of the varieties known as torbanites, 
kerosene shales or coals, boghead coals or cannels, and brown coals. 
The term ‘‘algal’’ has also been used by some to indicate their belief 
in the ‘‘algal’’ origin of these coals as against the ‘‘spore’’ origin of 
the more common type of cannels. The ‘‘algal’’ type is even more 
closely related chemically to kerogen shale than the spore type. 
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CHAPTER LV. 


THE ORIGIN OF PETROLEUM AND RELATED SUBSTANCES. 


There are two ways of discussing the origin of petroleum and its 
related substances. First, one may consider all of the possible the- 
ories of their origin without regard to their application to the actual 
occurrence of petroleum in nature. Secondly, one may limit discus- 
sion to those theories which postulate conditions that can be dupli- 
cated, or at least approximated, in nature. The weakness of the 
laboratory theory usually lies in its inability to adjust itself to the 
conditions of the larger laboratory, the earth itself. Viewed in an- 
other way, discussions may be considered as either qualitative or 
quantitative. While hydrocarbons have been proved to exist in 
meteorites, it does not necessarily follow that meteorites ean be con- 
sidered as the main source, or as one of a group of sources, of the oils 
and related materials found throughout the globe. Similarly while 
it is admitted by all that methane is produced in large amounts in 
the decomposition of coals, there are few who believe that the methane 
associated with oil is the product of such decomposition. 

In discussing the several theories, it is necessary that we keep in 
mind two points. Let us first inquire whether the proposed or sug- 
gested explanation is a logical explanation of the formation of some 
oil. If the answer is in the affirmative, we may ask ourselves if the 
theory is a logical explanation of the presence of petroleum and re- 
lated substances in one or more of the areas in which such substances 
have been concentrated by nature. 

It is natural that in a discussion occupying as brief a space as can 
be allotted to it here that the major portion of the discussion should 
be limited to those theories which pass the first test. Such theories 
fall into two groups: the first, including all theories postulating an 
inorganic origin for oil; the second, those suggesting organic life as 
the original source of these substances. Within the two major groups 
are a number of subtheories. These, especially in the organic group, 
show many points of similarity. They have been developed in large 
measure by individuals working in different areas with different types 
of data. It is not necessary or desirable that the geologist attempt to 
apply the explanation that he finds satisfactory in one area to all 
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areas. However, the line of demarcation between the two major 
theories is clearly drawn and abrupt. Here the student is called upon 
to make a definite decision in support of one and against the other. 
While inorganic and organic explanations may be combined in theory, 
they are impossible of combination in practice. 

Inorganic Theories.'—Chemists have long known that hydroear- 
bons can be prepared in the laboratory from inorganic as well as 
organic substances. In general such reactions yield gaseous hydro- 
carbons such as methane, ethane, and acetylene. Others, such as the 
unsaturated members of the olefine and benzene families, have been 
produced directly or in secondary reactions. There have been two 
main lines of research in this field; namely, the production of hydro- 
carbons by reactions of acids upon metals containing carbon, and the 
development of hydrocarbons through reactions between metallic 
carbides and water. 

The elaborate work of S. Cloéz? following earlier work by H. 
Hahn,* and F. W. Williams * definitely demonstrated the possibility 
of producing hydrocarbons by treating cast iron, spiegeleisen, or 
ferromanganese with hydroclorie acid and sulphurie acid. Cloéz was 
able to separate some hydrocarbons from the hydrogen gas generated 
by the reaction by direct condensation, and others by adsorption in 
bromine. In addition to unsaturated hydrocarbons, he was able to 
identify seven liquid paraffins, all of which were common in petroleum. 

The Carbide Theory.—The carbide investigations began with the 
proposal of the carbide theory by D. Mendeléef* in 1877. The reac- 
tions between carbides and water were not studied to any great ex- 
tent before the development of the electric furnace by Moissan. Of 
the carbide reactions, the best known and also one of commercial im- 
portance, is the reaction between calcium carbide and water to produce 
acetylene. This substance is also obtained, according to H. Moissan,° 
when lithium, sodium, strontium, and barium earbides are treated 


1An excellent summary of the more important experiments and of the 
literature dealing with the inorganic and organic theories of the origin of 
petroleum is given by F. W. Clarke in U. S. G. S. Bull. 770, pp. 731-755, 1924. 

2Compt. Rend., Vol. 78, p. 1565, 1874; Vol. 85, p. 1003, 1877; Vol. 86, p. 
1248, 1878. 

3 Liebig’s Annalen, Vol. 129, p. 57, 1864. 

4Am. Jour. Sei., 3d Series, Vol. 6, p. 363, 1873. 

5 Jour. Chem. Soc., Vol. 32, p. 283; Ber. Deutsch. Chem. Gesell., Vol. 10, 
Dp. 229, 1877. 

6Compt. Rend., Vol. 122, p. 1462, 1896. 
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with water. Carbides of aluminum and elucinum yield principally 
methane, and the carbide of manganese produces methane and hydro- 
gen. The same authority also states that carbides of yttrium, lan- 
thanum, cerium, thorium, and uranium yield mixtures of acetylene, 
methane, ethylene, and hydrogen, the last three carbides also produc- 
. ing liquid and solid hydrocarbons. 

While other hydrocarbons are produced in the carbide reactions, 
the most important volumetrically is acetylene, a compound that is 
a very minor constituent of petroleum and natural gas if present at 
all. However, it has been demonstrated by M. Bertholot* that acety- 
lene (C,H,) polymerizes to form benzene (C,H,) at the softening 
temperature of glass and that benzene is subject to further change and 
alteration to other hydrocarbons. More recently P. Sabatier and J. 
B. Senderens* have shown that, if acetylene and hydrogen are brought 
in contact with finely divided nickel, a mixture of paraffins similar to 
those present in Pennsylvania petroleum is produced. 

Two other investigators, E. Briner and A. Wrocynski,’® found that 
polymerization is greatly aided by pressure. 

Apparently the possibility of direct production of acetylene by 
the passage of hydrogen between the carbon terminals of an electric 
are was known as early as 1863, but little interest was taken in that 
reaction. According to W. A. Bone and D. S. Jerdan* methane and 
ethane are formed in the same reaction and at lower temperatures. 
They state that methane is the only product formed at 1200°. 

During the present century most of the interest has been centered 
in the development of organic theories, but R. Salvadori’ has shown 
that hydrocarbons can be produced by heating together calcium ear- 
bide and ammonium chloride. The latter is a frequent constituent of 
voleanic emanations. Similarly G. Steiger® has produced hydro- 
carbons by the direct action of ammonium chloride upon native iron. 
The native iron used was undoubtedly like the cast iron, spiegeleisen, 
and ferromanganese used in the experiments of Hahn, Williams, and 
Cloéz, a container of carbon in the form of iron carbides. 

Application of Inorganic Theories—Volumes might be written 
about the attempts to apply these experimentally proved reactions and 

1 Annales chim. phys., 4th series, Vol. 12, p. 52, 1867. 

2Compt. Rend., Vol. 134, p. 1185, 1903. 

3 Arch. Sci. Phys. Nat., 4th Ser., Vel. 32, p. 389, 1911. 

4 Jour. Chem. Soc., Vol. 71, p. 41, 1897; Vol. 79, p. 1042, 1901. 


5 Gazz. Chim. Ital., Vol. 32, p. 496, 1902. 
6U. 8. G. 8. Bull. 770, p. 742, 1924. 
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countless others, which were experimentally unproved, to the origin 
of petroleum. One that differs from the rest in calling for no chemi- 
eal reactions below the crust of the earth was proposed by N. V. 
Sokoloff... The theory was based upon the assumption that all bitu- 
mens are of cosmic origin. They were considered to have entered the 
earth during the period of its consolidation and have gradually risen 
to the surface or crustal portions in the years since their original im- 
prisonment. The theory is supported by the occasional finding of 
hydrocarbons in meteorites. There is no evidence to support it from 
the quantitative standpoint ; and, as it is open to the same criticism as 
the more fully developed theories of Berthelot and Mendeléef, it need 
not be further considered. 

Both the theories of Berthelot and Mendeléef rest primarily upon 
assumptions concerning the nature of the earth’s core. Berthelot 
considered the core to consist largely of free alkaline metals. Men- 
deléef assumed the existence of metallic carbides, especially the 
carbide of iron. As the assumption in the latter case seemed to be 
more in keeping with the known high density of the earth, the earler 
theory of Berthelot may be passed over with a brief summary. 

Berthelot’s Theory.— According to Berthelot,? the alkaline met- 
als would react with carbon dioxide to form carbides or acetylides and 
oxygen. Ata later period, the oxygen having passed off, water com- 
ing in contact with the carbides would generate acetylene. The 
acetylene would then be subject to alteration into the numerous hydro- 
carbons of petroleum. The theory cannot be lightly dismissed as the 
reactions postulated can all be dupleated in the laboratory. The 
weakest link in the theory is the postulation of an alkaline core for 
the earth. 

Mendeléef’s Theory.—The carbide theory of Mendeléef * proposed 
in 1877 assumes the development of the hydrocarbons along the same 
lines as does the theory of Berthelot, but calls for the carbide instead 
of the metal core. Doubtless the use of iron carbide was suggested by 
the laboratory researches of Hahn, Williams, and Cloéz already re- 
ferred to. The theory was partly accepted by Moissan, whose work 
with the electric furnace added materially to its plausibility: first, by 
indicating the possibility of the development of the hydrocarbons from 

1 Bull. Soe. Imp. Nat. Moscow, new series, Vol. 8, p. 720, 1890. 

2 Annales Chim. phys., 4th series, Vol. 9, p. 481, 1866. 


3 Ber. Deutsch. Chem. Gesell., Vol. 10, p. 229, 1877; Jour. Chem. Soe., Vol. 32, 
p- 283. 
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carbides other than iron; and secondly, by showing the great affinity 
that metals have for carbon at high temperatures. Some of the the- 
ories of the origin of the earth in vogue during the latter part of the 
past century called for the existence of temperature conditions in the 
center of the globe greater than those of the electric furnace. Under 
such conditions the formation of carbides, nitrides, and other high 
temperature non-oxygen containing compounds within the core of a 
solidifying globe would be probable; and their preservation for in- 
definite periods of time, entirely possible. 

Direct Evidence of Inorganic Origin—There is, of course, no 
way of proving the presence or absence of a carbide core in which the 
carbides of the heavy metals, such as iron, would be of common occur- 
rence. Calculations of the density of the earth tend to indicate the 
existence of a core composed largely of heavy metals, alloys, carbides, 
nitrides, and other compounds entirely different from the common 
oxygen containing compounds of the surface. The water essential to 
the reactions in which the hydrocarbons were produced may be con- 
sidered as either original to the core or as having filtered through from 
the upper crustal portions. The downward movement of the water in 
the latter case and the upward movement of the hydrocarbons gen- 
erated would be greatly restricted by the tendency of open pore 
spaces and eracks to disappear within a limited distance from the 


surface. 

If we admit the possibility of such movement for the time being in 
order to consider the theory further, it would appear justifiable to 
infer that the most logical places for the accumulation of oil, accord- 
ing to the carbide or similar theories, are those in which voleanic 
activity or related phenomena, either present or past, indicate the 
existence of lines of crustal weakness or fracture. 

Thus considerable weight was given by those supporting the 
carbide origin to the common occurrence of methane in volcanic ema- 
nations. Their views appeared to be further sustained by the identi- 
fication of liquid hydrocarbons and solid paraffins in the basaltic lava 
near Mt. Etna by O. Silvestri.1 A. Brun? made similar observations 
while studying the voleanoes of Java. These occurrences are not, 
however, clearly connected with productive oil areas. E. Coste® and 
others have cited the close geographical relationship between intrusive 
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1 Gazz. Chim. Ital.; Vol. 7, p. 1, 1877; Vol. 12, p. 9, 1882. 
2 Arch. Sci. phys. Nat., 4th ser., Vol. 27, p. 118, 1909. 
3 Trans, Am, Inst, Min. Eng., Vol, 35, p. 288, 1905. 
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dikes and related igneous bodies and oil-containing strata in Mexico 
and other places as arguments in favor of the inorganic derivation. 

Oil has been produced from rocks that are distinctly of igneous 
origin. The best examples of such oceurrences are Thrall and Lock- 
hart in Texas and several pools in Japan. A small number of wells 
yield oil from rocks, which are considered as of igneous character, 
near Havana in Cuba. The last example would be of no importance 
alone because of the insignificant yield of the wells. The oil obtained 
from the several Japanese pools comes partly from igneous rock reser- 
voirs and partly from ordinary sands. The oil found at Lockhart and 
Thrall comes entirely from igneous material, although the surrounding 
rocks are sedimentary. This rock has been identified as a highly 
altered rock of serpentine-like composition, probably the alteration 
product of a basie tuff or flow breccia. 

The conclusiveness of the evidence of Mexican occurrence is con- 
siderably minimized by the fact that the bulk of the oil is obtained in 
the sections of the field in which igneous phenomena are the least 
marked. In sections where such phenomena are most evident, the 
liquid petroleum is largely replaced by asphalts and asphaltites. E. 
De Golyer? points out that the adjacent limestones torm a natural 
means of migration of oil to the centers of igneous activity. 

Similarly the igneous reservoirs of Lockhart, Thrall, Cuba, and 
Japan, may be considered merely as porous containers into which the 
oil has made its way after its formation in other rocks. The serpen- 
tine in Cuba is in contact with Cretaceous, Triassic, and Jurassic¢ 
marls, shales, sandstones, conglomerates, and limestones. The _ so- 
called serpentine of the two Texas pools forms sill-like bodies in the 
sediments of the Gulf Coastal plains. Sandstones produce oil from 
the same general horizon in nearby pools in which there is no evidence 
of igneous activity. The oil yielding tuffs of Japan are interbedded 
with sandstones and clays saturated with organie matter. 

Indirect Evidence.—The lack of direct evidence of igneous phe- 
nomena in practically all of the world’s major oil fields has made 
necessary the substitution of indirect evidence. The evidence of this 
kind may be divided into two types: evidence indicated by the nature 
of the oil or of the waters and gases associated with it, and evidence 
based upon differences in physical phenomena in the oil areas. 

Considerable importance is attached by some to the association of 
oils in various fields with thermal or magmatie waters, such as those 

1 Keon. Geol., Vol. 10, p. 650, 1915. 
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of the Island of Trinidad. While the magmatic origin of these waters 
is of common acceptance, there is no proof that the oil is of the same 
origin. It would appear more logical to consider that the only fune- 
tion of such waters and of the igneous phenomena which they indicate 
has been that of alteration and even destruction of the liquid hydro- 
carbons. Certainly the polymerization and sulphurization, which have 
evidently been major factors in changing liquid petroleum into the 
solid asphalt of Pitch Lake, must be considered as resulting from the 
reaction of solfataric waters (with their included hydrogen sulphide) 
upon hydrocarbons. 

The high percentages of calcium and magnesium chlorides in many 
brines have led to questions concerning their origin. ©. W. Wash- 
burne? considered that such waters have received calcium and mag- 
nesium chlorides as well as some sodium chloride as emanations from 
deep seated basic magmas. The possibility of the development of oil 
from deep seated sources is indicated. The evidence to support the 
formation of these brines in this manner is fragmentary and weak 
compared with the evidence against it. 

The presence of nitrogen in natural gas and oil has been offered as 
evidence both for and against inorganic theories. Combined nitrogen 
is present in oils of all ages and in variable amounts. The element is 
an important constituent of voleanic gases and is common in many 
metal mines, whose deposits are of the type produced in igneous ac- 
tivity. Such nitrogen is almost always present as elemental, or 
unecombined, nitrogen rather than in the combined state. In oils it is 
commonly combined. 

If this difference is disregarded, though it would appear to be of 
major importance from a chemical standpoint, it would be logical to 
expect that the nitrogen content of oils would be greatest in those 
closest to the magmatic source, if that were the source of the nitrogen. 
The greatest amounts of nitrogen would then be expected in oils found 
at the greatest depths and in the oldest formations. Instead, from the 
studies made by Mabery? it would appear that the average content 
of nitrogen in oils found in rocks of younger age is slightly greater 
than that of the older ones. The variations between oils of the same 
age is wide and apparently bears little or no relation to differences in 
depths. 

It might be inferred that the slight decrease in the nitrogen con- 


1A. I. M. E. Trans., Vol. 48, pp. 687-693, 1914. 
2 Am. Chem. Soe. Jour., Vol. 41, No. 10, pp. 1690-1697, 1919. 
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tent of oils formed at high temperatures is due to the gradual decom- 
position of the nitrogen compounds with the freeing of elemental nitro- 
gen to form part of natural gases. The extremely large free nitrogen 
content of some of the late Paleozoic gases of Kansas, Texas, and 
Oklahoma, in comparison with the limited quantity of the element in 
the gases found in rocks of later ages in California and Louisiana, 
would lend support to this view. However, the low percentage of 
nitrogen normally present in the early Paleozoic gases of the fields east 
of the Mississippi indicates that no generalization can be made along 
this line. 

On the other hand, it is not possible to postulate a strictly organic 
origin for all of the uncombined nitrogen present in natural gas. 
Even assuming marked differences in the nature of the source mate- 
rials, the extreme variation in the nitrogen content in different gases 
closely related in depth, location, and geologie age can hardly be ex- 
plained by differences in the organic source materials alone, or in the 
manner of their alteration. A double origin of the nitrogen content 
of some gases seems to be the only explanation of the occurrence of 
helium and other inert gases. 

Such gases constitute as much as 1% of the total volume of the 
natural gas at Petrolia, Texas, and are found in substantial amounts 
in El Dorado, Kansas, and other places. The helium content may be 
considered either as of primordial or extremely deep seated origin, or 
the product of the disintegration of radioactive matter at a short 
distance below the formations in which the helium has accumulated. 
There appears to be no regular ratio between the helium and the 
nitrogen contents of natural gases. A satisfactory explanation of the 
helium content will not necessarily be applicable to the nitrogen con- 
tent. Similarly, the explanation of the elemental nitrogen in the 
natural gas is not necessarily the explanation of the combined nitrogen 
in the oil. 

The importance of nickel as a catalyst has been mentioned. The 
existence of this element and of vanadium and other metallic elements 
in petroleum has been proved by chemical analyses. W. Ramsey ? 
and others attach great importance to the presence of such elements 
as evidence favoring the inorganic origin of petroleum. The amount 
of these elements present is extremely small and their chemical nature 

1 For discussion on origin of helium see Rogers, G. S.: Helium-Bearing Natural 
Gas, U. S. G. 8. Prof. Paper 121, 1921. 

* Jour. Inst. of Pet. Tech., Vol. 10, pp. 87-91, 1924. 
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TABLE 27.—RaTIo oF NrrRoGEN To Henium In Some Navoran GASES.* 


Source Nitrogen Heliaen Ratio of Nitrogen 
to Helium 
Oklahoma, Morrison........... 25.0% PAYG 114 
Oklahoma, Ponea City.......... 40.1 36 111 
Oklahoma, Billngs).92.5....... 42.5 39 109 
Oldahomanocomeacemeere a ae. 16.2 all 95 
TEGGHAISINS NOVA WoveG 9 un aalareen 5 Gata ete 57.8 1.04 55 
Ikoyaring, IDRs 5 sels andacaun ane 82.7 1.84 45 
iKeamsas Augusta deen cee nase: 88.0 2.00 At 
OinomVintonk Come rere eee 5S, 43 35 
JGGIESE) ISSO sob odcosonan oot 55.7 1.94 29 
KansassHnedonigdenn nn ernie. 16.4 62 26 
OhtowmVanton: C Osea 9.6 .40 24 
i<ansase Hilda eye ee eee: 12 56 22 
Kansas, New Albany..........% 9.8 49 20 


LA tO S. G. S. Prof. Paper 121, p. 40, 1921. 


is unknown. Before such evidence is introduced in support of inor- 
ganic theories of origin, it would appear necessary to prove that the 
metallic elements were not introduced after the oil reached the reser- 
voir that the well taps. Because of the extremely small amounts that 
have been found, there is even the possibility that the oil has been 
contaminated after it reached the surface. Assuming that the metal- 
lic elements are original with the oil, there is, according to F. A. 
Thomson,! no reason to attach great importance to the presence of 
such elements. While nickel is not definitely known to exist in or- 
ganic matter, iron, copper, zinc, manganese, vanadium, and other 
metals have been identified in living plant and animal life. 

Of the physical evidence tending to show connection between oil 
fields and areas of magmatic activity, the most important is that 
offered by G. F. Becker.2. He suggests that the existence of massive 
bodies of iron carbides, even though at considerable depths, should be 
indicated by magnetic irregularities. Magnetic deflections should be 
apparent in oil field areas. This he found to be the case in the Appa- 
lachian field. Similar irregularities were also found to exist in the 
Caucasus area of Russia and in the California fields. The suggestions 
of Becker were not accepted generally as W. A. Tarr,* among others, 
pointed out that irregularities in the lines of magnetic declination are 

1 Min. & Met., Vol. 16, pp. 24-25, Jan., 1925. 


2U.S. G. 8. Bull. 401, 1909. 
3 Econ. Geology, Vol. 7, pp. 647-661, 1912. 
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not limited to oil fields. Thus while the existence of such irregulari- 
ties may be admitted, their connection with oil formation is not 
proved. 

Insufficiency of Inorganic Theories.—The carbide theory is per- 
‘haps the most logical of all of the theories of the inorganie origin of 
petroleum. It is difficult to accept, however, because it postulates the 
existence of conditions within the globe which are unproved, and be- 
cause it offers no evidence showing direct or causal relations between 
igneous activity and the areas in which petroleum and related hydro- 
carbons are concentrated. That igneous activity has been of impor- 
tance in the alteration of such hydrocarbons after their formation, and 
in determining the exact areas in which they were concentrated into 
commercially workable deposits, is indicated by conditions in Mexico 
and other areas. Inorganic reactions of some sort seem essential to 
the explanation of the existence of helium and possibly of at least a 
part of the nitrogen content of some gases. There is no evidence 
pointing to the derivation of the hydrocarbons from the same source 
as the helium. In fact, the striking lack of regularity in the oceur- 
rence of helium, and the wide variations in the nitrogen percentage in 
natural gases, lead to the opposite conclusion. 

Organic Theories.—The organic origin of petroleum is now so 
generally admitted that greater interest is attached to differences in 
the nature and alteration of the source materials than is given to proof 
of the theory itself. Yet the thorough student will naturally inquire 
as to the ability of organic theories in general to meet the tests which 
the inorganic have been asked to meet before considering differences 
between individual subdivisions of the group. 

While the work+ of F. H. Storer, C. M. Warren, T. Lehman, W. 
C. Day, J. Marcusson, 8. P. Stadler, and others might be cited, the 
work of C. Engler is generally considered as having contributed the 
most to the support of the organie theories from the qualitative, or 
laboratory, standpoint. In 1888 Engler? succeeded in producing a 
product closely resembling petroleum by the distillation of menhaden 
oil. This fish oil was produced under a pressure of ten atmospheres 
and at a temperature of between 320 and 400 degrees. From the oil 
produced he was able to isolate the paraffins, pentane, hexane, and 
heptane. In later studies of similar nature he isolated other paraffins, 
olefines, and benzene compounds, and even prepared an illuminating 

i Clarke, ES W.: U.S. GS) Bull. 770, p. 748, 1924. 

2 Ber. Deutsch. Chem. Gesell., Vol. 21, p. 1816, 1888. 
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oil practically identical with commercial kerosene. <A little later the 
same investigator* produced hydrocarbons by the treatment of colza 
oil (oil derived from rapeseed), olive oil, butter, and beeswax; and 
S. P. Stadler? obtained similar compounds by distilling linseed oil. 

The results of these investigations have been duplicated so many 
times in the chemical laboratory that there is no reason to doubt them. 
While the work of Engler and others must be considered of major im- 
portance in initiating the discussion of organic theories, it should be 
pointed out that L. Lesquereux® suggested as early as 1866 that the 
Devonian oils of the eastern part of the United States were derived 
from cellular marine plants. This hypothesis, and those suggested in 
the years following the laboratory investigations mentioned, were 
based almost entirely upon the abundance of plant and animal remains 
present in the sediments of the petroliferous formations. In fact, or- 
ganic theories may be said to have been developed from quantitative or 
field evidence, rather than from the qualitative or laboratory studies. 

This may be one explanation of the large number of sub-theories. 
In most cases these differ from one another only in minor details. 
Many are open to the criticism of incompleteness; that is, they fail to 
explain the origin of the substances most intimately associated with 
the oil. Others are so hmited and restricted in application as to raise 
doubts regarding the accuracy of the observations upon which they 
have been based. Differences in a few major lines are of such impor- 
tance that those of minor detail must be omitted from this discussion. 
Those that arose first and have been the subject of greatest controversy 
up to the present time are differences in the nature of the organic life 
forming the source materials from which the oils were derived. See- 
ondly, we find that the manner and degree of alteration of the organic 
debris prior to its burial below later sediments are points of contro- 
versy. The duration and importance of the period that the oil source 
materials are beheved by most geologists to spend in the form of kero- 
gen or similar matter distributed through shales is a subject of dis- 
cussion. Some doubt the existence of ‘‘unborn petroleum’’ in this 
form at all. Assuming kerogen to be a stage in the transformation of 
organic matter into petroleum, we are called upon to explain the 
mechanics of its alteration into petroleum and natural gas. 


1 Cong. Internat. du pétrole Paris, p. 20, 1900. 
2 Proce. Am. Philos. Soe., Vol. 36, p. 93, 1897. 
3 Bull. Soc. Sci. Nat. Neuchatel, Vol. 7, p. 234, 1866. 
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Differences in views concerning any of these points lead to different 
explanations of the nature of the oil and gas produced. A few believe 
that after the oils have been formed they are not subject to any 
further alteration while below the surface. Most geologists believe 
that this alteration of oils is of major importance, but not all of them 
agree on the nature and method of accomplishing the changes. 
Lastly, there is a wide divergence in opinion on the relationship be- 
tween oils and the allied substances—asphalts, asphaltites, mineral 
waxes, and tar sands. While most observers admit the kinship of 
these with petroleum, a few question its existence and especially the 
idea that they were derived from oil. 

Source Materials of Petroleum—The primary division of theories 
dealing with the original source materials is into the plant and the 
animal types. Within these we find specifie mention of the following: 


A. ANIMAL SOURCES. B. PLANT SOURCES. 
eens: 1. Higher forms of plant life. 
2. Molluses, ete. 2. Diatoms. 

3. Crustacea. 3. Algae, including seaweeds. 
4, Foraminifera and _ related micro- 


scopic types. 


Animal Theories.—The original researches of Engler gave great 
impetus to the theories of animal origin of petroleum. Engler+ con- 
eluded that petroleum was derived from animal remains that passed 
through a putrefactive process in which the nitrogen compounds were 
removed, the fats remaining in such form as to be amenable to altera- 
tion to petroleum under the influence of heat and pressure at a later 
period. 

Many of the early investigators appear to have favored the view 
that oil was derived from the remains of fishes. The association of 
petroleum in Galicia with the Menilithie shales, in which there is an 
abundance of fish remains, was especially marked. While formerly 
these shales were considered as direct proof of the fish origin, this is 
now questioned. There are other shale beds containing the remains 
of lower forms of animal and plant life lying in much closer relation- 
ship to the oil yielding horizons than those containing the fish fossils. 
Theories such as those advanced by J. M. MacFarlane,? which con- 


1 Ber. Deutsch. Chem. Gesell., Vol. 30, p. 2358, 1897. 
* Fishes, The Source of Petroleum, 1923, 
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sider fishes as the sole source of petroleum, are open to further ques- 
tion. While admitting the adequacy of fishes to supply the organic 
debris from which oils might be formed in recent periods, their impor- 
tance in earlier periods of the world’s history is questionable. The 
fact that fishes did not attain prominence until the Devonian period 
constitutes a serious drawback to their use in explaining the occur- 
rence of oil in some rocks of Ordovician age. 

Considerably greater geographical and time range can be obtained 
by substituting the term ‘‘marine animal”’ for fish and thus including 
not only fishes but mollusea, crustacea, molluscoidea, and other some- 
what lower forms which have been prominent from Cambrian time 
down to the present. Fossil remains of such life are found in some of 
the formations in practically every oil field of the globe. The shell 
remains of the hard parts of members of these families are of common 
occurrence in many fields, and in some they constitute the actual 
producing horizon. 

There is no apparent reason why still lower and even microscopic 
forms of animal life, such as the foraminifera, cannot be considered 
as potential sources of oil. I. A. Stigand+ points out that foraminif- 
eral beds are prominent in the oil containing horizons of southern 
Russia, and that at Maikop they underlie the main oil sands. Similar 
examples might be cited in other areas. 

Plant or Vegetable Sources.—The seaweed was considered by L. 
Lesquereux? as a potential source of oil as early as 1866. This the- 
ory was taken up by others, who found in the great masses of seaweed 
in the Sargasso Sea an ideal source of petroleum. The hypothesis 
suggested was that such material would sink to the bottom of the 
ocean and there decompose to form petroleum. Redwood * states 
that products closely resembling petroleum have been observed as re- 
sulting from the decomposition of seaweed in the salt marshes of 
Sardinia and along the coast of Sweden. The common occurrence of 
iodine in seaweed led W. L. Watts* to examine the waters associated 
with petroleum in the San Joaquin Valley of California for that ele- 
ment. He reported an unusually large content of iodine and inferred 
that seaweeds were the probable source of the oil. G. S. Rogers? 

1 Outlines of the Occurrence and Geology of Petroleum, p. 54, 1925. 

2 Bull. Soc. Sci. Nat. Neuchatel, Vol. 7, p. 234, 1866. 

3 Petroleum and Its Products, 2d ed., Vol. 1, pp. 126, 142. 


4 Bull. California State Min. Bur. No. 19, p. 202. 
5U. 8. G. 8. Bull. 653, 1917. 
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agrees that iodine is present in some analyses, but the amounts that 
one finds are hardly sufficient to support the deduction of Watts. 

Algae, although not necessarily those forming the ordinary sea- 
weed, have undoubtedly contributed a considerable amount to the 
formation of kerogen and oils. The evidence from fossil remains is 
extremely meager because of the absence of hard parts suitable for 
preservation in such organisms. The identification of algae remains 
in boghead cannels or torbanites by C. E. Bertrand and B. Renault,* 
while not direct proof of their occurrence in kerogens, does indicate 
the probability of such occurrence. The views of these men are sus- 
tained by the work of R. Thiessen,? but E. C. Jeffrey * considers the 
matter identified as algae to be the spores of vascular cryptogams. 

Closely allied to the suggestion of the development of petroleum 
from the microscopic algae is that of its development from the diatom. 
Diatoms are microscopic plants of very wide occurrence, geographi- 
eally and geologically. They are prominent in all Mesozoic and 
Tertiary ages, but are not definitely known in Paleozoic beds. The 
explanation of this hes probably in the alteration of the remains in 
these beds rather than absence in them originally. They are free- 
moving vegetable organisms dwelling in both fresh and marine waters. 
While of common occurrence in fresh water lakes and bogs, they seem 
to thrive best in marine waters. Unlike the algae they contain sili- 
ceous matter in addition to protoplasm or fleshy matter. 

Beds in which the diatom remains are preserved are common in 
Tertiary strata and in some the amount of the diatom remains is such 
that the beds are known as diatomaceous shales. The Monterey and 
Tejon shales of California form the outstanding example of close rela- 
tionship between oil producing sandstones and such shales. The beds 
of diatomaceous shale are nearly 2000 feet thick in some places, and 
their association with producing areas is so marked that many geolo- 
gists have concluded that they were the source of the bulk of the oil 
in the San Joaquin Valley. Some have even concluded that the see- 
tions in which they are lacking will not be productive of oil. 

Higher forms of plant life are considered by many to be of great 
importance. Theories in which such matter is considered as the source 
material are sharply divided according to the nature of the material 
used as the source. It is generally recognized that common cellulosic 
or woody material is too high in its content of oxygen to be considered 

1Comp. Rend., Vol. 117, p. 593, 1893. 

2U.8. G. S. Prof. Paper 132-I, 1925. 

8 Proe. Am. Acad. Arts and Sci. Vol. 46, p. 2738, 1910. 
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as the source material of oils, unless a later process of partial decom- 
position with the removal of such matter be postulated. A number of 
writers have favored the coal distillation theory in which the oil was 
considered as having been formed by the natural destructive distilla- 
tion of coal after it had been deeply buried. The observation of the 
formation of petroleum-like scums on the surface of peat bogs seemed 
to sustain this view. However, the identification of diatomaceous re- 
mains suggests them as a possible source of the oily matter in such 
places, instead of the cellulosic parts of the tree remains. In addition, 
while coal and oil deposits are found together in many localities and 
in rocks of the same geologic age, there is no apparent direct connec- 
tion between them. The greater part of the oil produced in the Mid- 
Continent and Eastern provinces in the United States comes from 
areas in which the geographical association of coal and oil is marked. 
However, the oil producing horizons are largely of older age than the 
coal producing ones and are separated from them by a considerable 
thickness of impervious beds. 

The conditions in these and other areas indicate that there is no 
direct connection between the materials from which coal and oil have 
been formed after they have been covered over and removed from the 
zone of action of surface agencies. Assuming this, we are restricted 
to surface differences to explain the differences in the oil source mate- 
rials. Two lines of explanation may be offered: first, if the higher 
forms of plant life are the original source, the differences between 
the source materials of coal and those of oil may be considered as 
having been brought about before the final deposition of those mate- 
rials. This means that the cellulosic part of the vegetable matter 
must have been eliminated and only the resinous and other matter of 
low oxygen content have remained to be deposited in the latter case. 
The other explanation is that the same general type of material was 
laid down in both cases, but that the oil source materials were sub- 
jected to different types of surface alteration or decay. 

In support of the first view may be mentioned the identification of 
numerous spores, pollens, and similar matter in the kerogen or oil 
shales of the Rocky Mountain states.t Such matter is of the type that 
might easily be separated by wind action from the cellulosic matter of 
the plants of which it originally formed a part. However, the identi- 
fication of numerous partially decomposed plant fragments indicates 


1 Winchester, Dean E.: Oil Shale of the Rocky Mountain Region, U. 8. G. 8. 
Bull. 729, 1923. 
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that the separation was not complete, and that cellulosic matter Was 
deposited along with the non-cellulosie pollens and spores. The evi- 
dence from these and other shales would indicate that differentiation 
proceeded during both the period of transportation and sedimentation 
and the interval following deposition but previous to covering. 

Some of the material of kerogen shales may have been deposited in 
situ, but the general absence of remains of the larger parts of the 
plants from which the spores, pollens, and plant fragments could have 
been derived is a clear indication that the major portion was trans- 
ported matter. 

In this there is great similarity between kerogen shales and normal 
cannel coals, in which the presence of spore exines, resin lumps, and 
fragments of cuticle together with the general form of such deposits 
give good reason for considering them products of the deposition of 
material which had been transported for some distance. This is in 
marked contrast with the deposits of ordinary coal that are definitely 
known to be in situ deposits. 

Comparative Importance of Different Materials—-The evidence 
supplied by observation of living organic matter, and the examination 
of fossil remains in strata associated with oil deposits, tend to indicate 
that attempts to imply that all such material was derived from a sin- 
gle family or group of organic life, or even exclusively from either 
plant or animal remains, are based upon insecure and inadequate 
evidence. At present the author feels that the weight of evidence 
available supports the contention that vegetable matter is the major 
source of the world’s petroleum but does not believe that it ean be 
considered as the exclusive source. The relative importance of differ- 
ent types of plants is open to discussion. In some places it would 
appear that one may predominate almost to the exclusion of the others. 
In another, two or more may contribute almost equally to the aecu- 
mulation of organic debris. 

Manner of Deposition and Accumulation—The aquatic nature 
of the life from which the oil source materials were derived seems to 
be generally conceded. With the exception of the spores, pollens, and 
fragmental products that may have been derived from life along the 
shore and in low lying swamps, the material mentioned is solely that 
of water bodies. As to whether the water bodies in which the deposi- 
tion finally occurred were fresh or saline, the evidence is less definite. 
While diatomaceous and foraminiferal oozes are now forming at 
great distances from land, it would appear that the deposits that have 
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contributed the most to the formation of oil were laid down in waters 
of moderate or even shallow depths. One indication of this is the 
interbedding of sands, some being of cross-bedded type, with many of 
the black shales considered as the source materials of the oils in those 
sands. The general limitation of fishes and other higher forms of 
marine life to coastal areas, because of the greater amounts of food 
present, was probably as important in the past as it is today. The 
higher types of plants are very definitely restricted to land surfaces, 
swamps, lagoons, and similar shallow water bodies. 

The common association of salt water with oil has led to the wide 
acceptance of the belief that salt water is essential to the formation 
of oil. Different functions are ascribed to the salt water by different 
writers. One of the earliest of these, C. Ochsenius,! considered that 
petroleum was formed from marine organisms buried beneath air- 
tight sediments that were slowly acted upon by the concentrated 
brines, which accumulated during the last stages of evaporation of 
sea water. According to Ochsenius the active substance in these 
brines buried with the organic remains was magnesium chloride. 
There seems to be lttle evidence to support this contention or the 
views of others who consider other ingredients as the active agencies 
of generation. 

R. Zaloziecki? considered the function of the salts of the sea water 
to be that of retarding and modifying the decay of animal matter on 
or near the sea shore and giving adequate time for its transformation 
into petroleum. This suggestion that petroleum is the direct product 
of a special type of putrefaction carried on under the modifying influ- 
ence of marine waters has received considerable support. The evi- 
dence offered is that oils or bitumens are being formed on the mud 
surface of the small bays of the Red Sea, along the shores of the Dead 
Sea, in the salt marshes of Sardinia, and near land along the coast of 
Sweden. Murray Stuart,*? one of the supporters of the theory, in 
reply to the objection that the oil would be rapidly disseminated over 
the surface of the water, points out that small particles of clay and 
detritus have a marked affinity for minute globules of oil and would 
hold most of them to the bottom until they were covered over by later 
deposits. 

1Chem. Zeitung, Vol. 15, p. 935, 1891; and Zeitschr. Deutsch. geol. Gesell., 
Vol. 48, p. 239, 1896. 

2Chem. Zeitung, Vol. 15, p. 1208, 1891. 

3 India Geol. Survey Ree., Vol. 40, pp. 320-333, 1910; Inst. of Pet. Tech. 
Bull., Vol. 12, pp. 316-335, 1926; The Geology of Oil, Oil Shale, and Coal, 1926. 
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There seems to be a more general feeling, especially among Ameri- 
ean geologists, that the function of the water covering is merely that 
of retarding and modifying the decomposition of the organic matter, 
and that the evidence does not warrant the assumption that petroleum 
is created directly by putrefactive action. It seems to be generally 
conceded that salt water is a better medium than fresh water for the 
precipitation of clays and organic debris and for the preservation of 
such material until covering takes place. 

Microscopic studies of the nature of kerogen have, because of the 
identification of land fauna, particularly in the Green River shales of 
the Rockies, led to the assumption that they were deposited in fresh 
water lagoons and shallow lakes rather than in marine waters. Some 
students have inferred that this is the reason the kerogen has remained 
as such and not been converted into petroleum. This view is not suffi- 
ciently supported at present. Later studies have led to doubt as to 
whether the Green River shales were actually deposited in a strictly 
fresh water. Junius Henderson’? suggests the possibility of a mod- 
erately salt water. 

While the evidence generally favors the deposition of petroleum 
source materials in waters of marine nature and doubt has thus been 
cast upon the fresh water origin of the often cited Green River shales, 
the assumption that salt water is essential to the deposition of oil 
source materials does not appear to be warranted. That it assists 
materially would probably be generally admitted. 

Anerobic Bacterial Action—Both geologists, who consider that 
petroleum is derived directly from organic matter by putrefactive 
action and those who consider such action as merely a stage in a 
longer process of conversion, attach great importance to work of 
bacteria between the time of deposition and burial. Normal decay, 
that is, decay in which the substance is exposed to the atmosphere, 
is caused largely by aerobic bacteria. As these utilize the easily aec- 
cessible oxygen of the atmosphere, decay proceeds fairly evenly re- 
gardless of composition of the substance attacked, whether cellulosic 
or non-cellulosic. Decay under a cover of water must be accom- 
plished in the absence of free oxygen. The prominence of anerobie 
bacteria, those capable of extracting the oxygen of the cellulose, 
ligno-cellulose, and other organic compounds high in oxygen, is obvi- 
ous. The natural result of such bacterial action is the indefinite 
preservation of substances low or entirely lacking in oxygen, while 

1 Am. Assoc. of Pet. Geol., Vol. 8, pp. 662-668, 1924, 
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those which are high in that element are attacked and destroyed or 
converted into substances of low oxygen content. 
This may account for the high degree of preservation of many 
spores, seeds, pollens, cuticles, certain types of leaves, and stems in 
carbonaceous shales of Colorado, Kentucky, and northern Texas 


Fig. 4.—Microsection in horizontal direction of an oil shale from the Green 
River formation of Colorado. Photomicrograph by W. H. Bradley. Courtesy U. 
S. Geological Survey. 


Less is known of the origin of the organic ground mass which forms 
the matrix for these substances. Colin C. Rae! suggests that this is 
a substance of more complete decomposition, possibly an ulmo-humic 
one. While possibly of different nature than suggested by Rae, the 
suggestion appears to be entirely logical. 

The mixture of plant and animal debris, partly so decomposed as 
to be unrecognizable under the microscope and partly still largely 
unaltered and retaining much of its original structural form, is sub- 

1Am. Assoc. of Pet. Geol., Vol. 6, p. 340, 1922. 
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ject to the action of surface agencies and especially of bacteria as long 
as it is not completely covered by impervious clays or similar mate- 
rials. A. B. Thompson? suggests that colloidal enzymes from anero- 
bie bacterial action may act as catalysts in causing further reaction 
after burial. In general, however, burial is considered to end the 
period of alteration of the organic debris by surface agencies. David 
White? calls this the period or stage of ‘‘Biochemical’’ action to 
distinguish it from the later stages in which different agencies of 
alteration are active. The latter he calls the ‘‘Geochemical’’ stage. 
The organic matter at the end of the stage of biochemical alteration 
is called sapropel by some authors; and the clay which contains it, 
sapropelie clay. 

The Nature and Alteration of Keroger.—Stuart * and others who 
support the theory that oil is a direct product of putrefaction consider 
that the oil is merely held in intimate association with the particles 
of the clay in which it is interbedded. The creation of free oil calls 
merely for the breaking down of the adhesion between the clay parti- 
cles and the oil and the movement of the oil into a more porous medium 
in which it can circulate freely. If the condition postulated be ac- 
cepted, it is reasonable to expect that expulsion might easily be ac- 
complished by the agency of pressure alone. That pore space de- 
creases as clays are converted by pressure into shales, and the lighter 
and more porous rocks into heavier and more dense products, is well 
known. The expulsion of oil is then mainly a physical process. 

If the putrefactive generation of oil is not accepted, the nature of 
the kerogen and the manner of its conversion into oil become of greater 
interest. The limited recovery of oil by solvents as shown on page 
46, compared with the amount recovered after the shale has been 
subjected to heat, seems to indicate that there is a definite chemical 
change when kerogen is converted into oil. Certainly the general 
insolubility is indicative of the absence of free oils in quantity in most 
shales. The occurrence of limited amounts of oil as shown by the 
solvents appears to be in keeping with the suggestion that oil is the 
product of the gradual alteration of a substance which is not itself 
an oil. 

The possibility of converting this substance, kerogen, into oil 
by heat has not only been demonstrated in the laboratory but is the 


1 Oilfield Development, pp. 271-272, 1916. 
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2 Proce. Geol. Soc. Amer., Vol. 28, pp. 727-734, 1917. 
8 See page 87. 
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basis of a substantial industry in Scotland and has been used in other 
areas at various times. That oil may be generated by pressure alone 
seems to have been proved by A. W. MeCoy and Earl A. Trager. 
The description of their Ecioriment as given by McCoy? is of suffi- 
pont importance to quote: 

‘Description of flowage experiment,—Cylindrical steel bars were 
sawed into lengths of about three inches and bored into tubes having 
an inside diameter of 2¢.m. The thickness of the walls in the center 
of the cylinders was reduced to 0.25 e.m. Pistons of steel were turned 


Fig. 5—Microseetion in horizontal direction of a spore-bearing Devonian 
black shale from Ohio. Photomicrograph by T. Stadnichenko. Courtesy U. S. 


Geological Survey. 


to fit the tubes. Cylindrical pieces of oil shale (yielding 25 gallons 
per ton and having a crushing strength of about 3000 pounds per 
square inch) were cut into one inch lengths and placed in the center 
of the tubes where the thickness of the walls was reduced. The pis- 
tons were then inserted on either side of the shale cylinder and 
pressure was applied to them in a Riehe compression machine, thus 
squeezing the shale and eventually bulging the tubes in the center. 

By so doing, the shale was made to flow. No appr eciable amount of 
heat was developed. Solution tests taken before the experiment gave 

no indication of Se hydrocarbons, while those taken after the: 


959 


1 Jour, Geol., Vol. 27, p. 252, 1919. 
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flowage with the same shale gave strong coloration. In some eases, 
after the experiment small globules of oil could be seen in the shale 
with a hand lens. The steel tubes necessitated such great pressure to 
make the bulging that tubes of brass and softer metals were tried. 
The results were substantially the same.’ 

In another report of the experiment Trager’ concludes that 
kerogen can be converted into oil either by the aid of heat, or by 
pressure. In the latter case, the pressure must be of such nature as 
to allow molecular displacement. 

In the conversion of kerogen into oil in nature, it would appear 
that greater importance might be attached to dynamic pressure than 
to static pressure. The latter alone, if sufficiently large because of 
the great thickness of overburden above the kerogen containing bed, 
might cause sufficient rearrangement of the kaolin grains and other 
inorganic and, generally speaking, relatively incompressible matter 
as to subject the kerogen to intense pressure. The ability of the 
dynamie forces, working horizontally in conjunction with static pres- 
sure to alter sediments completely, is fully demonstrated by the condi- 
tion of metamorphic rocks derived from such sediments. It would 
seem probable that the same agencies might at an early stage cause 
sufficient reduction of the pore space as to bring the kerogen under 
pressure and cause its alteration and expulsion as an oil. 

While MeCoy reports no appreciable increase in temperature dur- 
ing the flowage experiment, such increase would be natural, and in 
the case of movements within the earth likely to be considerable. 
Bailey Willis? suggests that the maximum temperature attained in 
the lowest strata of the Appalachian geosyncline was not over 200° GC. 
Even this limit is considerably higher than any of the temperatures 
observed in producing fields. If applied for long periods with high 
pressures, it might well accomplish the same result as is obtained with 
higher temperatures of short duration in the laboratory. 

While there is no evidence available to give an indication of its 
quantitative importance, it would appear logical to expect that water 
associated with sapropelic matter in the original clay, or the water, 
which was probably produced as a dehydration produet in the early 
stages of the alteration of sapropelic matter, just as it is in the altera- 
tion of peats, would be of major importance in the creation and ex- 
pulsion of the oil. Its greater capillary strength would materially 

1 Amer. Assoc. Pet. Geol., Vol. 8, p. 310, 1924. 
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assist in the forcing of the oils into the larger pores of adjacent sand- 
stones and other reservoirs. 

Data concerning the nature of the oil created in the kerogen by 
dynamic pressure are entirely lacking. The drops of oil referred to by 
McCoy were not sufficient in amount to permit analysis. Differences 
in the nature of the compounds obtained by retorting or destructively 
distilling shales can hardly be considered as indicating the nature of 
the oils formed by dynamic pressure except in a most general way. 
It would appear that there are two stages in the process of converting 
kerogen into oils by heat. In the first, the kerogen is converted into 
bitumen ; in the second, the bitumen is changed into oil and gas vapors 
and carbon. The first begins at much lower temperatures than the 
second. There is reason to believe that the substances produced in 
the first stages are products that vary only slightly from the original 
kerogen matter and that the development of the wide variety of 
individual compounds is the result of cracking of these complex and 
unstable original bitumens. 

In the laboratory and the shale oil retort, these reactions go on 
simultaneously, making it difficult to interpret the action during each 
stage. While different conditions might apply in different areas, it 
appears logical to expect that in the natural conversion of kerogen, 
where pressure is the chief agency, the two stages would occur at 
somewhat different times. The total separation of the two stages 
hardly seems probable as there is ample evidence to indicate that kero- 
gen is not all of the same chemical nature and decomposes at widely 
different temperatures. 

While the application of pressure in nature would be slow com- 
pared with the application of heat in the laboratory or retort, there is 
no reason to expect that the chemical composition of the oil moving 
from the shale into the porous rocks adjacent to it would be identical 
with that of the original kerogen. Cracking, with the simplification 
of molecular structure and reduction of the amount of unstable mat- 
ter through separation and deposition of part of the original carbon, 
would probably oceur during the conversion of kerogen into bitumen 
and the alteration of that bitumen as it passed through the shale pores 
toward the porous rocks. This is indicated by the occurrence of 
natural gas with all oils, including even the heaviest and most viscous 
types, and by the presence of residual elemental carbon in shales simi- 
lar to those still containing kerogen matter. ‘The spent or true car- 
bonaceous shale remaining is of no commercial interest; but partly 
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spent shales, in which only part of the kerogen has been altered, may 
be of importance. The Devonian black shales of the Ohio Valley are 
probably in the class of partly spent shales. Shales in the metamor- 
phosed areas of eastern Pennsylvania and New York are almost ecom- 
pletely spent. 

Nature of Oils—According to the process of formation just out- 
lined, oils, while differing to some extent, were probably largely non- 
volatile types of high density and viscosity at the time of their crea- 
tion and expulsion from the shales. Differences in the nature of the 
source materials and in the conditions surrounding the creation and 
expulsion of the oils must be given some importance, but they cannot 
be considered as satisfactory explanations of such wide differences as 
occur between the 12° Baume oil of the Panueo pool in Mexico and 
the 61° Baume oil of the Hogback pool in northwestern New Mexico. 
In addition, the oils produced by retorting shales are not comparable 
with the light paraffin base types but approach the light asphaltic and 
the heavy mixed base types in many respects. 

The lighter and more volatile petroleums differ from the normal 
heavy oils (those composed essentially of hydrocarbons as against 
those containing large amounts of sulphur and oxygen) chiefly in the 
less complex structure of the hydrocarbon molecules of which they are 
composed and in the higher ratio of hydrogen to carbon in those mole- 
cules. Such differences may be considered as having been produced 
in one of three ways: first, by hydrogenation of the hydrocarbons; 
second, by removal of the heavy compounds existing in the original 
mixture; and lastly, by alteration of the compounds already existing 
with the freeing and removal of elemental carbon. 

Hydrogenation of Oils.—The addition of hydrogen to the unsatu- 
rated hydrocarbon molecule is possible under certain specified eondi- 
tions. However, there is no evidence of the presence of appreciable 
quantities of free hydrogen in the gases normally associated with oils. 
Its existence in ‘‘dry gases,’’ where oil does not accompany it, may 
more logically be considered as due to the decomposition of hydro- 
carbon compounds. 

Removal of Heavy Compounds.—The heaviest types of crude oils 
contain lighter constituents which are of low viscosities and boiling 
points compared with the rest of oil. D. T. Day? pointed out that 
the separation of petroleum into fractions differing in density and 
viscosity is accomplished by filtering crude oils through Fuller’s 


1 Science, new series, Vol. 17, pp. 1007-1008, 1903. 
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earth. The reaction is now widely used in removing coloring matter 
in lubricating oils and waxes in the refinery. Day was sufficiently 
impressed with the changes in the character of oils caused by Fuller’s 
earth to suggest that Pennsylvania oil had at some time in the past 
possessed properties very similar to those of the Ohio oils, but that 
in its migration to its present abode from lower strata its character 
had been changed. Experiments carried on in the laboratories of 
the United States Geological Survey indicated that other clays had 
properties similar to those of Fuller’s earth. 

The movement of oil occurs more commonly in porous sandstones 
and limestones than it does in clays and shales. Experiments carried 
on by Gilpin and Bransky +? showed no fractionation in the gravita- 
tional diffusion of oils through sands and limes. Experiments by the 
author indicate that the forcing of oils through sands under hydraulic 
pressure similarly causes no alteration in the nature of the oil. 

Closely allied with the suggestion of the retarding of the move- 
ment of the more viscous constituents is the suggestion that the less 
viscous would be more easily carried along by gas migrating up the 
slope of a porous sandstone than the more viscous and less volatile 
constituents. That such action does oceur is indicated by numerous 
observations on the nature of casinghead gases. Such action is simi- 
lar to the action of the automobile carburetor and depends largely 
upon the velocity of the gases passing over or by the oils. In the 
escape of gases from high pressure oil and gas wells, the amount of 
oil carried in this way may be large. It is questionable whether the 
velocities of gases in the sands ever reach the velocities necessary for 
such action before the creation of the vent in the form of the oil well. 

Diffusion through clays having adsorptive qualities, the selective 
action of moving gases, or the selective action of moving water, 
which is considered by some as being an important agency in the ac- 
cumulation of oil in structures, may all be considered as tending to 
modify the nature of particular oils; but there does not appear to be 
any evidence to warrant giving them a position of major importance. 
Certainly they must have been of minor importance in non-outerop- 
ping lenticular sand bodies such as occur in every large field. 

Internal Alteration of Hydrocarbons.—It seems necessary to 
conclude that changes in the internal structure of the hydrocarbons 
are responsible for the conversion of oils of low rank into those of 
high rank and low density. The conversion of the heavier and less 


1 Gilpin, J. E., and Bransky, O. E.: U. 8. G. 8. Bull. 475, Ale sill 
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volatile members of the olefine and naphthene families into lighter 
and more volatile members may be accomplished without alteration in 
the ratio of hydrogen to carbon. The conversion of unsaturated types 
into saturated types, with the exception of the conversion of olefines 
to naphthenes, is accompanied by an increase in the ratio of hydrogen 
atoms to carbon atoms. As hydrogenation is not probable, the only 
remaining possibility is that carbon has been given up by the hydro- 
carbons in the conversion. The rapid accumulation of carbon in the 
bottom of the cracking still or cracking chamber of the refinery is 
adequate proof that the separation of carbon is likely to occur in the 
formation of the simpler and more completely saturated hydrocarbons. 
The prominence of methane gas as a byproduct of the same reactions 
seems to indicate that this, being the most stable and saturated of all 
of the hydrocarbons, is the one most easily produced. 

Cracking in the refinery is accomplished with the oil in the form 
of a vapor, a liquid, or a combination of the two. The pressures used 
in the refinery cracking still are greatly exceeded by those in nature, 
but the temperature of the cracking unit is not approached. Time jis 
known to be an important factor in the development of saturated and 
stable compounds in the refinery cracking unit. The time available 
there is infinitesimal compared with that available for natural crack- 
ing processes. Catalytic agents, such as nickel and anhydrous alumi- 
num chloride, are considered as of major importance by some; but 
commercial cracking processes of the present time give little or no 
importance to the catalyst. 

The relative importance of the agencies that might be postulated as 
affecting the natural cracking processes which have operated upon the 
oils contained in the crust of the earth can only be inferred in a rough 
way. Certainly temperature holds a much less important position 
than it does in refinery cracking. The function of time is not clearly 
defined. The lower average density and greater average volatility of 
the older oils is well known. Within the United States, Tertiary oils 
are found to be heavier than Cretaceous; and Cretaceous, heavier than 
Paleozoic. Within the Paleozoic, however, there are wide differences 
in character, oils of the Ordovician and Silurian ages in the Eastern 
province having a higher average density than those produced from 
Devonian and Mississippian beds. If ‘‘aging’’ is the most important 
of agencies causing alteration of lower into higher hydrocarbons, it 
would seem that all oils, unless abnormal in composition because of 
the presence of sulphur or other elements, should be of the same char- 
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acter if of the same age regardless of the conditions and localities in 
which they are found. A comparison of this type made by the author 
in 1921 shows the absence of such relationship for Pennsylvanian oils 
found in the central and eastern parts of the United States. Similar 
and possibly greater differences could be found by extending the study 
to include other areas and other ages. 


TABLE 28.—COMPARISON OF PENNSYLVANIAN OILS. 


State Number of Analyses Average Baume Gravity 
O laho mama ter carte Netialtd ahs auttirre eis 28 35.1 
IRCEWINSTENS ose cc re pisces eR ROI eae cn re 18 83.9 
Hittin OSIM eearetc ceacie elke ayeus cketatsre Neal onc lel notes ahs 18 31.8 
OT OME ete teat tysccmnr ce oer? Ceri ces cths Goon ae ase 5 45.1 
Westies VALI STMT AN oy crap ocen yan cease tee eencs Sha 5 pao 29 42.2 
ANTE SONTIUSPAYET OES ARS Gaascnd cy Gey SES REE RTER RRS etoen cate gas only ‘ —_ 


The pressures bearing upon the oil in a porous container are of 
several types according to their origin. Basically the division is into 
pressures of movement or dynamic pressures, and stationary or static 
pressures. The latter are caused primarily by the weight of the sedi- 
ments overlying the oil-containing beds, and the former by crustal 
movements. The force of either affecting the hydrocarbons of the 
oil bearing strata depends largely upon the condition of that horizon. 
If composed of coarse irregular grains with sufficient cement to pre- 
vent readjustment of the grains and the creation of smaller pore 
spaces, the pressure actually placed upon the oil contained may be 
relatively small. If the sand is loosely packed and devoid of cement, 
a rapid reduction in the pore space and the placing of the oil under 
considerable pressure at an early stage may be anticipated. The de- 
velopment of effective pressure in lenticular bodies completely satu- 
rated with oil and brine may be anticipated before that in larger bod- 
ies, which are only partly saturated or have access to the surface. 
Capillary phenomena and hydraulic pressures probably are important 
in such eases in preventing free movement and the loss of effective 
pressure. 

““The deeper the sand the better the oil’’ is a common expression 
in the oil fields. Recent developments in California, where deep sands 
contain oil of 28 to 35° Baume gravity while the shallow productive 
horizons in the same pools yield oils of 18 to 20° Baume, support this 
theory. Similarly in Oklahoma the 40° Baume oil of the = Wileox’’ 
series is frequently obtained by deepening wells which produce 30° 
Baume oil in the shallower Dutcher horizon. Decrease in density, 
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however, does not progress regularly with increase in depth. In some 
cases the decrease not only stops, but the deeper oil is heavier than 
that above it. Thus at Long Beach in California oil of 22° Baume is 
found at 4700 feet while oil of 26° Baume is obtained at 3500 feet. 
If a comparison of oils found at the same depths in different areas be 
made, the lack of general application becomes more apparent. 

If dynamic pressure be considered as the force causing alteration, 
the differences in the character of the evidence become less conflicting. 
Differences in the degree of effectiveness of such pressure upon oils, 
due to differences in the physical characteristics of the media contain- 
ing them, may cause differences such as that referred to at Long 
Beach. That such differences may be caused by interaction with sub- 
stances in solution in oilfield waters will be shown later. Without 
statie pressure derived from a thick covering of overburden, dynamic 
pressure would be able to accomplish lttle. The thrusts that cause 
intergranular movements and the development of frictional heat and 
effective pressure in the deeper horizons cause buckling or folding of 
the beds where static pressure is small. In such movement, there is 
little or no pressure actually applied to the imprisoned oil. 

The most striking example of increase in the degree of alteration 
with approach toward the center of dynamic movement is found in 
the Paleozoic oils of the Appalachian field and related fields to the 
west. Dry gas composed mainly of methane, the most stable of the 
hydrocarbons, forms a belt east of the oil-containing belt and nearest 
the centers of the dynamic pressure, which caused the building of the 
Appalachian Mountains. The gas belt is at right angles to the direc- 
tion of the lines of force. Oils of the same age are progressively 
lower in grade as one proceeds westward, but in no section has dy- 
namic pressure failed to have some effect. The same condition is 
found to exist in the Pennsylvanian horizons of the Mid-Continent 
area where gas is produced along the Oklahoma-Arkansas line; high 
rank oils, in the eastern part of Oklahoma; and typical mixed base 
types, farther west in the vicinity of Tulsa, Sapulpa, and Bristow. 

The areas cited as examples also produce oils from deeper horizons 
which have been subjected to alteration previous to the deposition of 
the younger and shallower horizons. Thus a map that showed the 
density or Baume gravity of all oils produced in Oklahoma or in Penn- 
sylvania might indicate but little concerning the relationship between 
the center of dynamic force and the character of the oil resulting. A 
difference of three or four hundred feet in the depths of two horizons 
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productive in the same locality is not adequate explanation of an in- 
crease of ten degrees Baume in the gravity of the lower over the upper 
oil. In the absence of striking differences in the nature of the eon- 
taining media, one is inclined to suggest the possibility of differences 
in history between the upper and lower horizons. In the Paleozoic 
areas mentioned, a marked decrease in density is indicative of transi- 
tion from rocks of one age to those of an earlier period separated from 
the overlying ones by an unconformity. The unconformity is indi- 
eative of crustal movement and probable alteration of the oil in the 
rocks below previous to the deposition of those above. 

Carbomorphism of Coals.—Probably the best evidence support- 
ing the theory of progressive alteration of hydrocarbon matter through 
the action of dynamic forces within the earth is that given by the 
alteration of coal by the same agencies. The depositional period of 
coal formation differs from that of the oil source materials. In the 
former, accumulation undoubtedly took place in a low lying swamp 
below whose waters all types of life were submerged indiscriminately. 
The stagnant waters protected both cellulosic and non-cellulosie mat- 
ter alike. The predominance of the former can be ascribed to the 
sold nature of the product. Subjected to dynamic forces of altera- 
tion, after a period of covering during which subsequent deposition 
gave the necessary static pressure, it shows changes similar to those 
outlined for the kerogen-oil series. The major difference lies in the 
fact that the escaping products of the reactions in coal are not of 
commercial interest, while those produced in the alteration of kerogen 
are liquid petroleums, and the alteration products of the heavier types 
of oils are the more valuable and desirable types of oils. The chief 
products of the alteration of coals are water, carbon dioxide, and 
methane. ‘The first two are not of commercial interest, and the last 
is not present in sufficient amounts to be of value. 

In the coal series as a whole, there is no break in the gradation 
extending from the uncovered peat in the peat bog to the seam of 
graphitic anthracite. Coal beds of Pennsylvanian age east of the 
Mississippi show a very definite decrease in the degree of their altera- 
tion toward the west and away from the center of dynamic pressure 
causing the Appalachian folding. The coals of Illinois, Ohio, Indi- 
ana, Michigan, and western Kentucky are typical non-coking low 
rank bituminous coals; those of western Pennsylvania and western 
West Virginia are coals of coking grade, which yield large amounts of 
volatile matter and gases; and those of the eastern edge or portion 
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of the Appalachian coal field are non-volatile coking types and high 
class steam coals of semi-bituminous rank. Erosion has removed the 
coal measures which probably formerly covered the center of Pennsyl- 
vania, but in the eastern part of the state and nearer to the centers of 
dynamic pressure true anthracites are found. If the study be earried 
still farther to the east, one finds the graphitic anthracite of Rhode 
Island. The transition in the inorganic rocks is no less marked, the 
soft shales and porous sandstones of Illinois being replaced by meta- 
morphic slates, gneisses and schists in the east. 

While the problem is somewhat complicated by the introduction of 
igneous activity, the Cretaceous coals of the Rocky Mountains and 
Western Plains show the same progressive increase in alteration with 
approach toward the centers of crustal disturbance. The coals are of 
semi-bituminous rank in the most affected areas, while black to brown 
lignites are found in the least affected. 

Destruction of Hydrocarbons.—If abnormally high temperatures 
are used in the refinery cracking unit, an excessive amount of fixed 
gases is produced. Methane is the most important of these, but hy- 
drogen is a notable constituent in some cases. It is probable that in 
the natural alteration of hydrocarbons some are completely broken 
down with the evolution of hydrogen and the deposition of residual 
carbon. Iowever, the percentage of hydrogen reported in natural 
gases is small. This may be due to the low atomic weight and high 
molecular velocity of hydrogen, which tend to make its retention in 
rocks more difficult than the retention of methane or ethane. Other- 
wise it would be difficult to understand the entire lack of natural gas 
in central and eastern Pennsylvania, sections in which the rocks are 
identical in age with those containing gas and oil in the western part 
of the same state. Mere expulsion of methane and other hydrocarbons 
through the agency of inereasing pressure is hardly sufficient to ex- 
plain this absence, especially in deeply buried lenticular horizons. 

Effects of Sulphur on Oils.—Undoubtedly a considerable propor- 
tion of the sulphur contained in petroleum is indigenous with it in 
origin. Such sulphur may be considered as being derived from the 
animal and plant remains which furnished the earbon and hydrogen. 
Sulphur is a constituent of practically all of the higher forms of life ; 
but like nitrogen and oxygen, is subject to diminution in the process of 
decay through which the petroleum source materials pass. W. H. 
Kmmons? attributes a part of the sulphur to the action of sulphur 


1 Geology of Petroleum, p. 85, 1921. 
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bacteria in taking sulphates present in marine waters and setting the 
sulphur free. While the sulphur content of many oils may be attrib- 
uted to such action, it would appear necessary to look to other causes 
for explanation of the wide range of percentages present in different 
oils, some of which are closely related geographically and geologically. 
Examination of the waters of the San Joaquin Valley indicates 
marked differences between the percentage of sulphate present in the 
deep waters associated with oil and those containing no oil. The 
low percentage of sulphate in the former as compared with the latter 
is accompanied by a large percentage of carbonate and some indication 
of the presence of sulphides. While the reactions have not been 
worked out, it appears that the sulphates in the water have been re- 
duced by interaction with the hydrocarbons, and partly converted into 
carbonates. The sulphur from the sulphates appears to have been 
added to the oils in the form of free sulphur, the sulphide, or the 
sulphate radicle. The sulphate content of waters from wells in the 
Appalachian oil producing areas is similarly low. 

Where oils are of unusually high density and show a large amount 
cf sulphur, the interaction of oils and sulphate solutions seems to be 
fully sustained. In California differences in gravity between oils 
found in the upper portions of structures and those found on the 
edges in contact with water are marked. In some places the inter- 
action with associated waters has led to the development of a semi- 
solid substance called tar. In the Tampico-Tuxpam area of Mexico 
and in other areas similar to it, the possibility of alteration of oils by 
the ageney of sulphur containing solutions or gases of solfatarie ori- 
gin must be recognized. Hydrogen sulphide and sulphur dioxide are 
common constituents of gases of magmatic origin. In Mexico the 
abundance of igneous dikes, basaltic plugs, and sills, together with 
the abundance of fracture planes is indicative of the intensity of 
igneous activity. The high porosity and cavernous nature of the 
limestones in which oil is generally found promote rapid and thor- 
cugh diffusion of those gases. 

The introduction of sulphur, or of sulphur and oxygen, through 
reactions between oils and associated waters has a material effect upon 
the character of the oil. Where the oils are light, the saturated char- 
acter of the compounds tends to retard the combination. Where com- 
posed largely of unsaturated compounds, the reactions are apt to 
proceed on a large scale and a considerable quantity of sulphur be 
taken up by the oil. As indicated in Chapter II, this increases the 
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viscosity and the density of the oil. The oil that contains sulphur is 
invariably of higher density than the one that does not, although the 
two may be found in the same area and have been subjected to the 
same degree of dynamic alteration. . 

Conversion of Oils to Solids—Wherever oil and gas are 1mpris- 
oned in porous rocks having access to the surface, it may be expected 
that they will tend to move toward that surface. Such movements 
are the logical result of the physical properties of these substances and 
are materially encouraged by the circulation of ground waters. The 
gas or oil seepage can be held responsible for the loss of enormous 
quantities of these substances during the space of geologic time. Not 
all of the hydrocarbon matter escapes in this way. Neither is it all 
left as oil, nor is it all destroyed. A substantial portion is converted 
into other substances closely related to oils. 

The conversion of liquid hydrocarbons in solids may be accom- . 
plished in three different ways or by a combination of the three proc- 
esses. First, it may result from the addition to the hydrocarbon mole- 
cule of a new and foreign element to produce a product of different 
physical nature. Secondly, it may be accomplished by the escape of 
the more volatile fractions, leaving behind only the solid hydrocarbons 
which were dissolved in the original hydrocarbon solution. Lastly, 
it may be the product of change in the internal structure of the mole- 
cule itself. 

The discoloration of many refined oils, left in tightly sealed bottles, 
on exposure to the sun hght is ample evidence that polymerization or 
internal rearrangement of the molecules does take place. The product 
in such cases is frequently of higher viscosity than the original sub- 
stance. Reactions of this type are most common in the heavier frac- 
tions of asphaltic oils in which the content of unsaturated hydro- 
carbons is high. It seems logical to assume that similar alteration 
will occur in oils rising to the surface at seepages. The author knows 
of no way of gauging the influence of such reactions upon deeply 
buried oils. He is inelined to believe it of minor importance, and 
that the major tendency in most of such reactions is toward a decrease 
of viscosity. 

Greater importance should probably be attached to theories at- 
iributing the solids to the escape of the more volatile fractions of the 
liquid. The escape of such fractions is generally due to evaporation. 
While the evaporation of gasoline and kerosene hydrocarbons from 
surface pools of seepage oil under the direct heat of the sun is easily 
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understood, it is questionable whether such evaporation can account 
for all residual hydrocarbon deposits. The deposition of paraffin wax 
on pumping rods and tubing and in the bottom of oil wells cannot be 
said to be due to evaporation. It might rather be considered as due 
to decreased carrying power of the solvent liquid with decrease in 
temperature and pressure on leaving the pore spaces of the rock and 
entering the open well. The paraffin or ozokerite veins of Galicia, 
Burma, Utah, and other areas are probably of related origin. Such 
veins are known to depths of 2000 feet at Boryslaw in Galicia. Close 
to the surface the sandstones in the same region are impregnated with 
wax, forming natural wax or ozokerite sandstones. 

While the content of volatile constituents is extremely low, there 
is reason to believe that the tar sands or bituminous sandstones which 
outcrop in the Athabasca district in Alberta and parts of Kentucky 
are residual oil horizons. Adhesion undoubtedly caused the slowing 
up of the movement of the oils toward the outcrop and its retention 
in the pores of the sands, while the more volatile portions were atom- 
ized and drawn along by escaping gases. The escape of the more 
volatile and less viscous materials may have been accomplished by 
converting them to vapors, or by moving them along as liquids after 
the more viscous portions had congealed and separated out. 

The transformation of petroleum into a solid by the loss of the 
more volatile constituents may be considered as a satisfactory explana- 
tion as long as the product is composed essentially of hydrocarbons. 
In most of the asphaltic rocks, asphaltites and true asphalts, the anal- 
yses show large amounts of sulphur. In some oxygen is also impor- 
tant. In such instances the influence of extraneous matter, especially 
that containing sulphur, is of prime importance. The prevalence of 
asphalt deposits in contrast with the limited occurrence of paraffin 
solids and mixtures of the two types leads to the conclusion that 
differences in the nature of the oils from which they were derived play 
an important part in the formation of solids. 

The unsaturated and therefore more easily attacked compounds 
_are common in the asphaltic oils but not in the paraffin types. Such 
compounds are readily attacked by sulphur-containing compounds in 
magmatic waters and gases. They are subject to complete alteration 
by the oxidizing action of surface waters and to union with the sul- 
phur of the sulphate radicle contained in such waters. The wide- 
spread occurrence of tar sands as replacement products of oil in the 
shallow horizons of the Valley Field of California, where it is in con- 
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tact with surface waters, is undoubtedly the result of such reactions. 
Between the tar and the true oil is a tarry oil which commonly char- 
acterizes the oil and water contacts in many horizons. The water 
close to the contact differs materially from that at a distance. 

Suphur bearing compounds react with saturated hydrocarbons 
also, but the reactions are slower. In addition, with the exception of 
a few cases, some of which are questionable, paraffin oils are contained 
in horizons in which meteoric waters have not gained entrance and 
no renewal of the original sulphate content by the introduction of 
fresh surface waters has taken place. The amount of sulphate avail- 
able for reaction with the oils in the present productive horizons in 
Pennsylvania has never been as great as that in the Valley Field of 
California. 

Pyrobitumens.—The relationship of the pyrobitumens, which are 
insoluble in petroleum solvents, to those substances which are soluble 
is not clear. Some authors consider that they are oxidation products; 
others, that they are direct residues from the partial distillation of 
petroleum, differing only slightly from the ordinary petroleum bitu- 
men in the manner of their formation. The writer personally feels 
that the product of either type of reaction would not differ materially 
from the ordinary petroleum bitumen, and that true pyrobitumens, 
such as albertite and wurtzilite, are products of the alteration of 
petroleum bitumens by dynamie or contact metamorphism. The na- 
ture of that reaction is, however, undetermined. 

Summary.—The problem of the origin of petroleum and its allied 
substances still remains one about which we have much to learn. 
Theories relying upon inorganic phenomena appear to be no longer 
tenable as explanations of the occurrence of oil and gas in areas in 
which they are present in commercial quantities. Geologists and 
chemists are generally agreed that the original source material was 
organic in character. Agreement beyond that point is not indicated 
by the opinions expressed in geologic literature. Some strongly ad- 
vocate animal source materials; others, plant remains. A growing 
number consider that both sources have contributed, and that the 
proportions of each and of the different types of life within each 
group have varied in different places. 

The manner of transportation, deposition, and preservation of the 
organic debris is a subject of debate. Probably the greatest eontro- 
versy centers around the nature of the connecting link between the 
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organic debris and the oil. Murray Stuart! and several other Eng- 
lish geologists consider that the organic matter was converted into oil 
prior to its burial in those areas where it has formed free oil. They 
beheve the formation of free oil is largely a process of breaking down 
the adhesion of oil for clay particles and expelling the oil to the more 
porous rocks. Stuart considers the kerogen or oil shale to be the 
product of the burial of organic matter which has not been converted 
into oil, and believes that such shales can never be considered as the 
source of free oils. 

The majority of American geologists consider the chemical action 
up to the time of burial as instrumental only in creating a substance 
of low oxygen content from which oil may be generated by heat or 
pressure, or both, at a later date. To them kerogen is an intermediate 
substance in the alteration of organic matter to petroleum. They be- 
lieve that definite chemical*changes must occur before it can be con- 
verted into free oil. 

One English geologist, Cunningham-Craig,? has concluded that 
kerogen is neither a stage in the development of petroleum nor a sub- 
stance in a parallel series. He has advanced the theory that kerogen 
shale is the end product of the adsorption and absorption of free oil 
by argillaceous matter. 

The author believes that the evidence distinctly favors the view 
that kerogen is an intermediate substance between the organic debris 
and the petroleum, and that its conversion into the latter calls for 
chemical and physical changes. These may be brought about by 
forces available within the crust of the earth. The nature of the oil 
formed in this manner will vary somewhat with the chemical nature 
of the original source materials and with the manner of application 
of the forces causing its generation, but it appears to be of rather 
viscous and heavy nature and to contain substantial percentages of 
unstable compounds. Its subsequent alteration is determined by the 
nature of the agencies which affect it. It may, through interaction 
with the sulphur and other active ingredients contained in the sub- 
stances with which it comes in contact, become heavier and more vis- 
cous and gradually be converted into a solid of asphaltic nature. In 
other cases it may be subjected to processes of dynamic alteration and 

1 Stuart, Murray: The Geology of Oil, Oil Shale, and Coal, 1926; also Inst. 
of Pet. Tech., Vol. 12, No. 56, pp. 316-335, 1926. 

2 Cunningham-Craig, E. H.: Kerogen and Kerogen Shales, Jour. Inst. Pet. 
Tech., Vol. 2, pp. 238-269, 1916. 
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change into a more stable and lighter type of oil. Ultimately it may 
be converted into a gas or entirely destroyed. In some cases it may 
be subjected to a combination of altering factors and give rise to other 
products such as ozokerites or pyrobitumens. 

The discussion of the alteration and destruction of petroleum has 
been based upon the assumption that the view of its formation from 
kerogen was essentially correct. Considerable modification would be 
necessary if new evidence were discovered, which would make it neces- 
sary to revise the views of the nature of kerogen which have been 
accepted. 


CHAPTER V. 


FUNDAMENTAL GEOLOGIC CONDITIONS LIMITING THE 
OCCURRENCE OF PETROLEUM. 


The previous chapter discussed briefly fundamental questions re- 
lating to the manner of formation, alteration and destruction of oil 
and its related substances. Such discussions may be carried on 
merely from the standpoint of scientific interest. The amount of 
time and energy given to such discussions by individuals and corpora- 
tions, which are interested primarily in economic returns, indicates 
that in more complete understanding of the origin of oil there are 
possibilities of greater financial returns. The theories are based 
upon, and supported by, geologic evidence accumulated in those fields 
where oil has been produced. Jn the search for new fields, the princi- 
ples evolved, if true, would suggest the procedure which should be 
followed. 

The expression of the old time practical oil man, ‘‘ Oil is where you 
find it,’’ still remains the final test. Yet there are degrees of cer- 
tainty, or uncertainty, in the drilling of oil wells which it is possible 
for the geologist to point out before money is needlessly wasted in 
areas that are condemned to failure before drilling is begun. The 
elements that determine the success or failure of a given test are its 
structural location and the presence of petroleum in the beds reached 
by the drill. Definite evidence that either oil or the reservoirs suitable 
for its accumulation in commercial quantities are lacking would pre- 
vent any but the most foolhardy from drilling in such a location. 
Consideration of the structural evidence has been given an important 
place in our studies of oil geology. Less time and effort have been 
devoted to consideration of the probabilities of the existence of the oil 
itself. 

As concentration of oils and gases into commercially workable 
deposits implies the previous existence of those substances, it would 
seem advisable to consider the factors determining their existence first. 

The first point that arises is that of the existence of conditions 
suitable for the accumulation of organic materials from which petro- 
leum might have been derived at a given place at some time in the 
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past. Next is the question of the sufficiency of the agencies of altera- 
tion to convert this debris into liquid and gaseous hydrocarbons of the 
petroleum family. Assuming that the area fulfills the conditions 
postulated, there still remains the question of the present existence 
of the oil in the strata. 

The destruction of petroleum through its decomposition into car- 
bon and hydrogen, its loss through seepages at the surface, and its 
conversion into asphalt and other solids are reasons for numerous 
failures in sections where all other factors appear to be most favor- 
able. The finding of asphalt, mineral waxes, asphaltites, or pyrobitu- 
mens is considered as a favorable indication of the presence of petro- 
leum; but as these substances are the products of the alteration of 
petroleum, they are not absolutely certain guides to its presence. 
The importance of such evidence is sufficient to warrant its careful 
consideration in a later chapter. Let us take up the more general 
considerations first. 

Igneous Rocks.—Rocks are grouped in three major classes by 
geologists. These are igneous, sedimentary, and metamorphic. The 
first group contains all types resulting from the solidification of hquid 
rock solutions or magmas below the surface and lavas and ejected 
solids on the surface. If the inorganic theories were correct, such 
rocks would contain the bulk of, the world’s petroleum. Instead we 
note that the presence of commercial quantities of petroleum in rocks 
of igneous origin is so unusual as to be considered a freak condition. 
In keeping with their belief in the organie origin of oil, nearly all 
geologists agree that areas in which igneous rocks are common are 
areas in which there is the least possibility of the finding of oil. 

Care must be exercised that the principle is not applied too rigidly. 
Those sections in which massive igneous rocks of wholly erystalline 
character, such as granites, syenites, diorites, and gabbros, are found 
are not likely to contain oil. These were formed at great depths be- 
low the surface under conditions of extreme temperature and pressure. 
Their downward extent is seldom known and the general feeling is 
that the chances of finding oil decrease with increasing penetration of 
such masses. All igneous bodies, however, are not of this type. The 
wall-like dike and the thin stratum-like sill are usually only partly 
crystallized. If fully erystallized, the erystallization is abnormal or 
pegmatitic, making it easy to distinguish them from the massive crys 
talline types. Such bodies form a very small portion of the area in 
which they oceur. 
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The possibilities of oil in such areas are determined by the charac- 
ter of the other rocks rather than by the presence of the igneous ones. 
Basalts and other igneous rocks, resulting from the solidification of 
lavas, and tuffs, formed by the cementing together of voleanic ashes, 
cinders, and bombs, are seldom of great thickness. Their existence on 
the surface, while generally indicative of conditions unsuited to the 
occurrence of oil below them, does not prove that it cannot be present 
in the underlying sedimentary beds. 

Sedimentary Rocks.—The second of the major series of rocks is 
the sedimentary group. The uneonsolidated sediments from which 
these were derived were laid down upon the surface by wind, water, 
or ice. They are in many eases heaped in a disorderly manner and 
in other instances carefully sorted and laid down like blankets cover- 
ing hundreds of square miles. All of the world’s petroleum is found 
in intimate association with sedimentary rocks, but not all sedimentary 
rocks contain oil. The existence of the oil, especially of commercially 
recoverable amounts, is limited very definitely to a few beds that have 
been subjected to conditions favorable to the development of oils. 
The history of a sediment may, if it goes through a complete cycle, be 
said to contain four stages: deposition, lithification or rock formation, 
metamorphism or rock alteration, and weathering or rock distintegra- 
tion. The last is only of indirect interest for the moment as we must 
look mainly to the unweathered rock for our oil. The processes in- 
volved in the other three stages are of major importance. 

Glacial Deposits.—The accumulation of organic debris postulates 
a moderate equable climate. It need not be of tropical nature but 
must be one in which plant and animal life can flourish. Climatic 
conditions like those of Greenland, Antarctica or even northern Si- 
beria and Labrador are not likely to permit the development of lfe 
to the degree essential to the formation of such accumulations as those 
from which oil has come. The identification of rocks in any area as 
the products of the solidification of debris laid down by glaciers is in 
itself conclusive evidence against the deposition of organic matter 
convertible into oil at a later date. While oil may have been formed 
in sediments deposited at an earlier date and have migrated up into 
those of glacial origin, the possibilities of such occurrence are poor 
and depend entirely upon the existence of suitable conditions at an- 
other time in the earth’s history. Where glacial deposits are of great 
thickness, the outlook must be considered as most discouraging. For- 
tunately glacial deposits are readily recognized by their bouldery and 
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uneven texture and the lack of true stratification. Organic matter is 


of minor importance. 


TABLE 29.—SEOCTION oF TYPICAL GLACIAL DEPOSITS. GENERALIZED CoLUMNAR 
SECTION OF THE QUATERNARY Deposits IN Iowa.” 


Subdivision. Lithologic character. 
Recent series. Chiefly alluvium. Most of the alluvium is doubtless of glacial origin. 
Wisconsin drift. Unweathered calcareous till with sandy and gravelly beds and large amounts 
of outwash sand and gravel. 
_ | Peorian deposits (loess). Old soil; much loess. 
£ Iowan drift. A thin sheet of light-yellow clayey till, with numerous large granite boulders. 
2 Sangamon deposits. Soil and vegetal deposits 
g Illinoian drift. Clayey till, not quite so dense as the Kansan. 
a Yarmouth deposits (includ- | The Buchanan gravel consists of extensive irregular gravel deposits between the 
ing Buchanan gravel). Kansan and Iowan drifts. 
Kansan drift. Tough, hard clayey till, with some sandy beds, especially in upper part. 
Aftonian gravel. Irregular beds of gravel; also old soil and muck. 
Nebraskan drift. Dark plastic till with old soil and beds containing much wood; sand and 


gravel chiefly underlying till. 


* After Meinzer, O. E., Norton, W. H., and others: U.S. G. S. Water Supply Paper 489, p. 
291, 1923. 


When unconsolidated, glacial debris is called till; when consoli- 
dated, the rocks formed are known as tillites. They are heterogeneous 
mixtures of rock materials varying in size from the finest grains 
visible under the microscope to blocks of many tons. Associated with 
material which has been deposited directly by the ice is the partly 
sorted matter laid down by water arising from the melting of the ice. 
Such matter generally forms a sandy clay or pellodite having seasonal 
bands, light for summer and dark for winter. The pellodite particles 
are distinctly angular and contain feldspar, calcite, and other easily 
decomposed and dissolved minerals in addition to the normal quartz 
and kaolin. 

Desert Deposits.—Similarly no one questions the improbability 
of the accumulation of organic debris under desert conditions. The 
Great Basin between the Rockies and the Sierra Nevadas, the Sahara 
Desert of North Africa, and the Mongolian Desert of Central Asia 
contain a minimum of life. Desert deposits differ both in chemical 
and physical character from those laid down in humid or marine 
areas. Carbonaceous matter is almost entirely lacking. This is indi- 
cated by the absence of dark blues, dark grays, greenish blacks, and 
distinetly black colorations in the clays. Instead such clays are apt 
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to be of strong red or yellow coloration. The absence of the darker 
colors lies in the absence of carbon and the presence of ferric com- 
pounds of iron. 

Ferric iron is a strong coloring agent, producing reds and yellows. 
When part of the oxygen is removed from ferric compounds by ecar- 
bonaceous matter, ferrous compounds are formed. These are neutral 
or dark in color. Probably the neutral carbonate is largely formed. 
It is somewhat soluble in water. Where the percentage of carbona- 
ceous matter is not sufficient to cause dark coloration, it may serve to 
neutralize the striking iron coloration and produce white or light 
grays in the sediments. Where the carbonaceous or organic matter 
is large in amount, black is the prevailing color. 

Neutralization does not necessarily imply the removal of the iron 
content. Many distinctly black shales, when fired in a brick or pot- 
tery kiln, turn red through the burning out of carbonaceous matter 
and the reoxidation of the ferrous iron to the ferric form. Dark col- 
ored sediments, on exposure to weathering, may lose their dark color- 
ing matter and weather red or yellow for the same reason. 

Red and yellow colorations, if taken alone, are guides whose value 
is somewhat questionable. Soils of yellowish or brown color as well as 
grays and blacks are common in moist temperate zones, and reds and 
deep brownish reds are common in tropical areas. Such soil colors 
are due to the oxidation of the original matter of the rocks by aérated 
surface waters circulating through them. There are other and more 
satisfactory means of identification of arid and desert conditions. 

Desert areas are sections of extremes of temperature. The daily 
range of temperature may be as much as seventy-five degrees and the 
yearly range, as high as one hundred and fifty. Rocks in such areas 
are ruptured and broken down by the stresses caused by alternate 
periods of expansion and contraction brought on by temperature 
changes. Rocks break down into mineral fragments, but the min- 
erals are not altered chemically because of the absence of agencies 
capable of bringing about such alteration. The loose soils resulting 
from this type of weathering contain quartz, feldspar, calcite, micas, 
hornblende, pyroxene, and in fact all of the minerals of the rocks 
from which they were formed. 

The absence of sufficient rainfall to form permanent streams limits 
the removal to short periods following irregularly occurring storms, 
and to the action of the wind. Accumulations of ‘‘slide rock’’ or 
talus deposits may be anticipated. From the more completely dis- 
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integrated rock debris, the wind and water w ill remove whatever they 
are capable of handling. In the case of water this means the loose 
fine grained matter and the soluble products of a limited amount of 
decomposition. The mineral matter removed in suspension in the 
water is of the same general nature as that which might be taken up 
by the water of humid regions. However, the weathering of granite 
and other feldspathic rocks is normally accompanied by the decomposi- 
tion of the feldspars into kaolin, quartz, and water soluble compounds. 
The identification of unaltered feldspar in large amounts in sand- 
stones is considered as fairly conclusive evidence that the feldspathic 
rock from which it came was broken down under arid or semi-arid 
conditions. Irregular bedding and wide variation in the size of 
grains, together with extreme angularity of the grains, are direct 
indications of close proximity of the place of deposition and the source 
of the material forming the deposit. Arkose sandstones, possessing a 
large content of angular, poorly sorted feldspar, are an ideal indica- 
tion of arid or semi-arid conditions. 

The material removed by the wind is naturally of fine grain. 
Quartz is the predominating mineral found in dune deposits of desert 
areas, but such sands may contain other products of the disintegration 
of the parent rock as well. Wind blown quartz sands show the ef- 
fects of constant abrasion in smallness of size and rounded character 
of the grains. Feldspar and other softer minerals are largely ground 
down into finer dust-like grains and earried beyond the confines of 
the desert area. 

According to some, the name ‘‘loess’’ should be applied to deposits 
of materials high in feldspar and disintegration products other than 
quartz. Much loess is characterized by such angularity of grain as to 
suggest that wind action is not the only agency causing its concentra- 
tion. Because of this other writers consider loess to be the product of 
glacial grinding and its final concentration to be accomplished by a 
minimum amount of wind or stream action. In any ease the condi- 
tions suited to the formation of loess are unsuited to the accumulation 
of oil forming debris. 

Probably the most satisfactory means of the identification of arid 
climatic conditions in past ages is that of the presence of bedded de- 
posits of chlorides and sulphates of potassium, sodium, magnesium, 
and calcium. Excepting the sulphate of the last of these, all of the 
compounds are extremely soluble in water. Caleium sulphate is 
soluble to the extent of one part to every five hundred of water. The 
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waters of inland drainage basins, such as Great Salt Lake, the Dead 
Sea, and Lake Urmi, contain large amounts of such salts. The exact 
proportions of each and of the carbonates that frequently accompany 
them vary with the character of the rocks leached by the waters of 
the streams emptying into the final basins. The percentage of salts 
dissolved in such lake waters may reach as high as 25% of the weight 
of the water. 
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Fig. 6.—Typical Columnar Section of an Area of Red-bed and Salt Deposition. 
Seetion showing strata exposed along Double Mountain Fork of Brazos River from 
Flattop Mountain, Haskell County, to top of Double Mountain, Stonewall County, 
Texas. After Stone, R. W.: U. 8. G. S. Bull. 697, p. 254, 1920. 


96 GEOLOGY OF PETROLEUM AND NATURAL GAS 


The waters entering such final basins contain in most cases so little 
of the salts that they are called fresh waters. The large content in 
the lakes is a direct indication that evaporation equals the amount of 
the incoming stream water. Sooner or later the waters of such basinal 
lakes will become fully saturated and salt deposition begin. The 
deposition of the least soluble of the major constituents, that is, the 
calcium sulphate, will normally take place first. Later, if the process 
is not interrupted, sodium, magnesium, and potassium compounds will 
be deposited. 

The name, Dead Sea, is indicative of the absence of any but the 
lowest forms of life in the concentrated brines of such basins. For 
the most part the vegetation in the country around them is stunted 
and dwarfed and limited to a few favorable localities of small extent. 

Cut-off Basin Deposits——Deposits formed in such basins do not 
normally reach great thickness and are of different origin and history 
than those in which the gypsum and salt beds now underlying thou- 
sands of square miles were laid down. These larger prehistoric basins 
were undoubtedly formed during periods of uplift in which the con- 
nection between eperic seas (arms of the ocean extending over the 
low lands of the continents) and the oceans were severed. The 
severance may have been complete as in the Caspian Sea of today, or 
only in part, as in the case of.the Red Sea. Neither example is a 
satisfactory one to show the conditions of the past. The connection 
between the Red Sea and the Gulf of Aden and the open waters of the 
Indian Ocean is deep enough to permit movement in both directions. 
Yet the limited number and size of the streams entering the Red Sea 
and the extremely high rate of evaporation from its surface have 
increased the salinity of its waters from the 314% of the ocean to an 
average of 514% in the vicinity of the Gulfs of Suez and Sinai. This 
points to a steady inflow of water from the ocean rather than an 
outflow. 

During the last few years the waters of the Caspian Sea have be- 
come fresher. This abnormal and probably temporary condition is 
due to the steady movement of its waters into a large gulf on its east- 
ern side, known as the Gulf of Karaboghaz. Except that its waters 
are derived from the Caspian Sea rather than from the ocean and 
differ therefore from ocean waters in the nature of their salt content, 
the Gulf of Karaboghaz is probably the closest example we have to 
the salt deposition basins of the past. Practically no water enters the 
Gulf except through the narrow and shallow channel which connects 
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it with the Caspian. Because of the extremely high rate of evapora- 
tion in the basin, the current always moves into it. The salt content 
of the waters entering has been placed as high as 350,000 tons daily. 

While Caspian water contains only slightly more than 1% of dis- 
solved salts, the water of the Gulf contains up to 28%. Its waters no 
longer support life, and saline deposits are forming on its bottom. 
Calcium sulphate is being precipitated continuously along its margin. 
The deposition of sodium chloride has not yet begun, but the satura- 
tion point for sodium sulphate is reached when the waters are chilled 
in winter and deposits of that salt are formed. Unless the current 
between the two bodies is reversed, the waters of the Caspian will 
become practically fresh while the bottom of the Gulf will be covered 
by a thick bed of salts. After the Gulf has been filled up, the Caspian 
will again become the final basin and the salt content of its waters 
slowly rise. 

The existence of outcrops of sediments characteristic of cut-off 
basins is not indicative of the absence of oil and gas in underlying sedi- 
ments. In fact some of the world’s most prolific horizons have been 
discovered after drilling through hundreds of feet of gypsum, anhy- 
drite, salt, and red sediments usually considered as most unpromising 
indications. Except where the basins are extremely small in size it is 
not advisable to infer that the presence of such beds is proof of the 
absence of favorable conditions for oil formation and accumulation in 
beds of the same age in other portions of the basin. Exploratory work 
in the Permian basin of West Texas was postponed for many years be- 
cause of the belief that the Permian beds contained no oil. This con- 
clusion was reached after examination of Permian outcrops had indi- 
cated that even the beds of early Permian age, which outcrop on the 
eastern edge of the basin, were containers of large amounts of gypsum, 
anhydrite, and salts. It was assumed that the horizons would have 
much the same character to the west, where they dipped far below the 
surface. The probability of the existence of oil in the underlying 
Pennsylvanian beds was admitted, but their depth was considered as 
prohibitive. The drill has demonstrated that the shallowing of the 
sea in this area was a progressive phenomenon, and, that, while salt 
deposition was characteristic of the early Permian in the eastern por- 
tion of basin, open water conditions prevailed in the central and west- 
ern portions until much later in the period. These areas are now pro- 
ducing on a large scale from Permian horizons. 

Sediments of Humid Areas.—The greater part of the sedimentary 
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formations were not laid down under such distinctly unfavorable con- 
ditions as those of glacial periods or of extreme aridity. The absence 
of conditions favorable to the existence of life in some form ¢an hardly 
be implied where deposits were laid down in marine waters or upon 
land surfaces enjoying humid climatic conditions. In such, the ques- 
tions arising are those concerning the nature of the life, its abundance, 
and the chances of its preservation. 

The normal continent contains mountains or elevated areas from 
which its principal streams flow toward the oceans. The power of 
such streams to erode the surface in their upper courses is considerably 
greater than it is when they flow out upon the coastal and interior 
plains. In fact such streams are frequently unable to carry the load 
of eroded material which they have taken up as far as their mouths. 
Deposition in the piedmont or transition belt between the mountains 
and the plains is common. The material deposited differs from the 
playa deposit of the desert section in that it contains practically no 
soluble salts, the carrying power of water for such matter being inde- 
pendent of its velocity. Sands and clays in heterogeneous heaped 
deposits of great extent may result. Such deposits are prominent 
along the eastern front of the Rockies, the southern slope of the 
Himalayas in India, the eastern flank of the Andes in Brazil and 
Argentina, and other similar areas. Marked ecross-bedding is an indi- 
cation of the rapidity and the irregular manner of their deposition. 
Frequent angularity of grain indicates that the debris was not carried 
great distances. While the organic matter deposited with the rock 
debris naturally varies considerably with different places, appreciable 
amounts were probably always deposited even under the least favor- 
able of humid climates. 

On the other hand, the preservation of such matter is difficult. 
Between periods of deposition, which from the nature of the method 
must be intermittent, decomposition of the organie matter must be 
rapid. The debris in such areas is largely exposed to the attack of 
aerobic bacteria. Even if slightly covered, its decay is encouraged by 
the constant and largely unrestricted movement of soil waters earry- 
ing decomposing organic acids, dissolved oxygen, carbon dioxide, ana 
other active agents. Such deposits may, before the end of the period 
of soil water action, lose all of their organic matter and have their 
iron content so oxidized that it shows the red coloration usually con- 
sidered as indicative of deposition under arid conditions. 

River sand bars and mud flats are closely related to the true pied- 
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mont deposit. The first result from slight irregularities in slope of 
the stream or differences in the carrying power of the water at dif- 
ferent stages. Mudflats are largely due to the overflowing of river 
banks and the spreading of the water upon low lying flat lands. 
While sorting and grading is carried to a much higher degree than in 
the piedmont section and grains are much more rounded and of 
smaller size, river bars show marked evidence of cross-bedding. They 
and the river flat deposits, unless continuously covered by swamp 
waters, are subject to rapid aerial decay in the same way as the pied- 
mont deposits are. 

Where the swamp condition exists, the organic matter brought in 
during the period of river overflow may be preserved indefinitely from 
complete decay. Probably it will be minor in amount to that growing 
there and deposited in situ. The swamp is always an indication of 
imperfect drainage. This may be brought about by surface agencies 
or by crustal movements. The ultimate end of all lakes in humid 
regions is conversion into swamps as their bottoms are filled with 
sediments and the barriers behind which their waters are imprisoned 
are worn away. Finally the swamp may disappear. Lake deposits, 
unless the lake is of large enough size to permit reworking of the 
sediments by wave action, are similar to those of the piedmont area. 
Deposits of large lakes may resemble those of the ocean. Bedding is 
likely to be well developed in such cases and sorting according to the 
size of the grain is commonly in evidence. Organic debris, either of 
the lower types deposited in situ or carried in by water or wind, has 
an excellent chance of preservation. With the development of swamp 
conditions, accompanied by stagnancy of waters, peat formation is 
likely to occur over much of the area of former lakes. 

Lakes and the swamps derived from them are strictly temporary 
phenomena. Unless crustal movements bring abnormal conditions 
after the lake has been formed, the destruction of the barrier takes 
place simultaneously with the filling of the basin behind the barrier. 
With the destruction of the barrier, normal erosion will rapidly disin- 
tegrate and remove the material that has been deposited. Because of 
this, lake and lake-swamp deposits and, in fact, all types of deposits 
laid down in areas elevated above the sea level are less commonly pre- 
served through geologic time than those of marine or nearly sea level 
origin. 

Furthermore, it should be noted that the thickness of the beds con- 
taining organic matter is distinctly limited by the depth of the orig- 
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inal basin. Subsidence of the area, unless accompanied by pro- 
nounced warping of the crust, will not make possible the continuance 
of the conditions essential to the accumulation of coal and oil source 
materials, or the repetition of these conditions. Yet these conditions 
are indicated by the geologic sections of areas in which coal and oil 
oceur today. 

Coastal Swamps.—Swamps in upland areas are not the only 
types. Those which lie almost, if not actually, at sea level are of 
greater importance both today and in past geologic time. The Great 
Dismal Swamp of Virginia and North Carolina, the Everglades in 
Florida, and the wide swamp areas of the lower Mississippi, Amazon, 
and Ganges Rivers are but a few of the numerous examples of such 
areas now in existence. Such swamps may be considered as having 
been formed by crustal movements bringing an almost level area to 
sea level or to a level so close to the absolute sea level that water 
circulation is practically stopped. This may be accomplished either 
through uplift or submergence. While probably not the main factor 
in the development of extensive areas of this sort, river waters and 
ocean waves play an important part as contributing factors. 

Where the exchange of water between the low lying areas and the 
ocean continues, the water in them remains salty and the life is largely 
of marine types. Where the sea water is excluded either because the 
swamp level is shehtly above the high tide level or because of the 
barrier to exchange formed by a thick growth of vegetable matter, 
the water will contain non-marine types of life. 

Swamps of this type possess all of the conditions fundamental to 
the accumulation and preservation of organic debris on a large scale. 
Rapid elevation or submergence will halt accumulation. In the ease 
of uplift it may cause the weathering away of the deposits formed. 
Rapid movements are less common than those of a gradual oscillating 
nature. They may make it possible for a period of much the same 
conditions to continue for thousands of years and, if interrupted, to 
be resumed many times in the same place. Such conditions are ideal 
for the preservation of vegetable matter in its entirety and the forma- 
tion of peat which may later develop into coal. The cellulosic matter 
in such areas is so important as completely to overshadow the rela- 
tively small percentage of material which contains little or no oxygen. 
Accumulation is so rapid that the anerobie bacteria are unable to 
alter materially the ratio of carbohydrate to hydrocarbon before 
burial ends the biochemical stage. Only in the deeper sections in 
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which the higher forms of life do not flourish does the carbohydrate 
seem to be of less importance than the material of a sapropelie or 
hydrocarbon nature. 

Deep Sea Deposits.—Before discussing the deposits of the strand 
lime, which would logically follow, let us consider those of the deep 
sea areas. ‘The waters of the ocean basins have a temperature of 34° 
to 35° F. or slightly above the freezing point. They are practically 
devoid of light and movement. Life is largely restricted to the waters 
close to the surface and consists of minute organisms having calcareous 
or siliceous shells. These, together with voleanic dust and cosmic 
particles, form the fine soft deposits called oozes, which cover the 
bottom of the ocean basins proper. The possibility of the preservation 
of oil forming materials in such deposits is purely an academic ques- 
tion. Shells of some diatoms and foraminifera have been identified 
in deep sea oozes; but, as sedimentary rocks found upon the surface 
of the continents do not contain types similar to them and are different 
in other respects, the conclusion that such deposits have not contri- 
buted to the oil deposits of the world seems justified. 

Between the hundred-fathom line and the deep sea proper is an 
area in which the deposits partake of a two-fold character, being 
partly of continental and partly of deep sea nature. The material of 
continental derivation is extremely fine and accumulates as fine muds 
of different colors. Glaiiconite, a green-colored deposit, seems to be 
common in the areas between the shallow waters of the continents and 
the deeper waters of this intermediate area. The fine muds of the 
intermediate slopes are, like those of the deeper basin areas, considered 
to be of little interest to the petroleum geologist. 

Near Shore Sediments.—On the other hand the deposits of the 
strand line, the epicontinental shelf, and the epeiric sea, are the com- 
mon associates and containers of oil. These consist almost entirely of 
clays and derived shales, the calcium carbonate rocks (chalk and lime- 
stone), and sand deposits of varying porosity, size of grain, and degree 
of cementation. Cross-bedding is prominent in river delta deposits. 
and some of the sand bars, but gives way to parallel-bedding in the 
deposits laid down a short distance from the shore. The deposition 
of silts, muds, and sands is accomplished largely by physical means, 
the carrying power of the water being materially decreased as it 
emerges from the mouths of streams and mingles with the compara- 
tively quiet water of the ocean or of its larger arms. 
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TABLE 30.—FORMATIONS IN A TYPICAL TERTIARY OIL PRODUCING AREA. 
in the Dutch East Indies Oil Fields.* 


Representative Formations 


Sumatra Palembang. 


Sumatra Djambi. 


Borneo. 


(1) Upper 


Deeply coloured mottled unctu- 


Azure blue weathering to yellow 
unctuous tuffs sharply defined 


Similar to that of Djambi. 


i ous clays. 7 
wiceene Seca with brown coal. from Middle Palembang (Up- 
Tuffs and Pumicestone series | per Palembang). 
(Upper Palembang). 
2 Soft brown clay beds with many | A sandy shale without marine | Limestones without fossils, 
Ne, eee “Middle Baeee fossils. In south-east Djambi| mottled clays and friable 
bang). there are a few brown coal beds sandstone without fossils. 
Brown coal beds. 
(3) Upper Molasse sandstone without fos- | True marine beds, greenish-blue | Sandy clays and sandstones 
Miocene. sils, clays with sandy joint faces | clays and sandstones. Fossils| often with many fossils. 
(Lower Palembang) in all beds except sandy shales. | Grey limestone without fos- 
Glauconite limestone. Tuff | sils. Brown coal beds. 
sediments occur as in Palem- 
bang in several places. 
(4) Lower Goemai beds. The highest of | Telisa beds. Chocolate brown | Clays and all limestones with- 
Miocene. the marl series is black clays | and hard grey shales and con-| out fossils. _ “4: 
and breccias (1,500 m. thick). | cretionary clays. Limestone | Three oil horizons in Sanga- 
The lowest is a gravel division | concretions and even beds.}| Sanga. 


of 1,500 m. thick, and brown 
marly shales and _ limestones 
without fossils. 


Plant remains numerous Ma- 


rine fossils. 


(5) Oligocene. 


Brown marly clay with cylinders 
of lime concretions (Septaria), 
orbitoids and corals. Blue and 
greenish marine sediments. Oil 
horizon in the Goemai Moun- 
tains. 


Slates and orbitoidal limestones, 
with corals and gastropods. 


Limestone with fossils, caves 
and salt springs. Hard well- 
bedded knobly slates. Num- 
mulites and orbitoids. Aqui- 
tane and Burdigal beds, lime- 
stone with fossils and some 
marine sediments. 


(6) Eocene. 


Quartz sandstone, coals. 


Quartz sandstone and quartz 
conglomerates 


Quartz sandstone and quartz 
conglomerates, badly repre- 
sented. Verbeek gives this 
as the real Nummutlite horizon 
near Matapera, South Bor- 
neo. 


* After Thompson, A. B.: Oilfield Exploration and Development, Vol. 1, p. 485, 1925. 


The salts present in that water undoubtedly assist materially in 


hastening deposition. 


Normally, limestones and chalks result from 


the action of lime secreting animals upon the soluble ealeium biecar- 
bonate dissolved in sea water. This is conyerted to the insoluble 
carbonate. Some calcium carbonate is deposited as a straight chemi- 
cal precipitate from a saturated solution in the same manner ag salt 
is in closed basins. The amounts deposited in Pre-Paleozoie periods 
in this way are believed by some geologists to have been large. The 
amounts so deposited in recent times or during the periods when oil- 
yielding rocks were deposited were probably insignificant compared 
with those precipitated by organie life. 

Some limestone is of detrital origin; that is, deposited as grains or 
fragments from suspension in the same manner as ordinary sand or 
salt. This type of deposit owes its existence to extremely rapid disin- 
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tegration of limestones, the streams carrying away calcite material 
both as dissolved and as suspended matter. Through solution and 
recrystallization such limestones may take on a massive character and 
conceal the manner of their deposition. Similarly, while shales are 
considered as being composed largely of detrital material, beds of 
diatomaceous shale are composed mainly of the hard siliceous skeletons 
of microscopic plants called diatoms. 

While sandstones and porous limestones are the normal containers 
of oil, the close proximity of black shales, clays, or marls is considered 
as indicating that such beds were more probably the source of the oils. 
In support of this view there are three lines of proof: first, the rela- 
tionship between prominent black or dark brown carbonaceous shales 
and the world’s prominent oil producing horizons; second, the anal- 
yses of such shales both from the chemical and microscopic stand- 
points; and thirdly, the differences in the conditions essential to the 
deposition of the several types of sediments. 

The only shales present in oil producing areas which have been 
analyzed to any great extent are the Devonian black shales of Indiana 
and Kentucky and the Monterey shales of California. In these the 
organic matter still remaining is sufficient to indicate that they may 
be used as a source of shale oil in the future. Both contain fossil 
remains—the Monterey, diatom remains; and the Devonian, a prolifie 
fauna containing numerous species of both plant and animal nature. 
Sandstones are comparatively poor in fossil evidence. Dark colors 
that characterize all clays of high content of organic matter are singu- 
larly lacking in sandstones. Except in the case of such beds as the 
Athabasca tar sands, organic matter is of minor amount. The organic 
matter in such cases appears to be purely of later introduction. 
Limestones are composed mainly of animal remains, yet the amount 
of bituminous or carbonaceous matter which they contain is negligible 
in comparison with the amount present in black shales. 

The great thickness of many limestones makes the total of their 
organic matter large. They cannot be dismissed entirely as containers 
of the original matter from which petroleum has been derived. The 
bituminous matter of many limestones may be considered as of sec- 
ondary introduction, but the dark coloration of other massive lme- 
stones leads to the conclusion that carbonaceous-matter was preserved 
along with the caleareous matter at the time of deposition. 

The prominence of the Devonian black shales in the eastern and 
central parts of the United States and of the Monterey shales in the 
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producing areas of California has been mentioned. The black Smith- 
wick and Lower Bend shales are prominent in North Central Texas, 
the Cherokee shales in the producing horizons of Pennsylvanian age 


TABLE 31.—SEcTION OF FORMATIONS IN A TYPICAL OIL PRODUCING AREA OF 
Paurozorc AcE. Rock Formations in the Ranger District of the 
Bend Arch.* 


System or series. Group or formation. Character. 
Lower Cretaceous Trinity sand, 0-50 feet. Coarse conglomerate, sandstone, and sand. 
0-50 feet. : 
-Unconformity: 
Cisco group, 500 feet, exposed. Gray and blue clay and shale, brown and gray cross- 


bedded sandstone, and blue to gray thin-bedded 
fossiliferous limestone. 


Canyon group, 800-1,000 feet. Gray multiple-bedded and yellow thin-bedded fossil- 
iferous limestone, brown cross-bedded ferruginous 
and gray even-bedded calcareous sandstone, and 
gray and blue shale and clay. 


Pennsylvanian, 
4,.200-+feet. Strawn formation, 1,750-2,000 | Fine-grained thin-bedded and coarse-grained heavy- 
feet. bedded gray sandstone, blue and black shale, and 

siliceous thin-bedded limestone. 
Unconformity 


yale shale, 230-330 | Black shale and black thick-bedded limestone. 

eet. 
ge Marble Falls limestone, | Black shale, black and gray limestone, and gray 
‘ES| 600-650 feet. lenticular sandstone. 
nan 
BL “Lower Bend” Black limestone. 

Mississippian, oa Ss limestone. 150+ 

150+ feet. “1 “Lower Bend” feet. Black shale. 
shale. 


re Unconformity 
ee ane Cambrian, | Ellenburger limestone, 545+ feet. | White dolomite, crystalline limestone and sandstone. 
eet. 


* After Reeves, Frank: U. 8. G. S. Bull. 736, p. 144, 1922. 


in Oklahoma and Kansas, the Benton shales in Wyoming, and the San 
Felipe shales in the Tampico-Tuxpam area of Mexico. Numerous 
other occurrences of shale formations in close proximity to, or actually 
containing, the oil-yielding sands and porous limestones, might be 
mentioned. Failures to find oil and gas in porous limestones and 
sandstones, which differ in no way from those containing oil and gas 
except in the lack of association with dark colored shales, are too fre- 
quent to pass unnoticed. From this alone the position of the dark 
carbonaceous shale as the source of the major part of the world’s 
petroleum seems to be fully established. The light colored shale in 
which the content of organic matter is low does not apparently econ- 
tribute to the supply of oil. 

Normally sands are laid down in shallow water and closer to the 
shore than either clays or lime deposits. Delta deposits and sand 
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bars in which sandy material is most prominent are largely formed 
between the level of high and low tides. Slight uplifts bring them 
above the level of the sea. During periods when such sands are above 
sea level, they are exposed to the solvent action of ground waters and 
to aerial decay. The completeness of the decay is largely due to the 
porous nature of the sands themselves. 

Reasons for the limited percentage of carbonaceous matter in lime- 
stones are less evident. If the organic matter contained in the fleshy 
parts of the original shell organisms was preserved, the organic matter 
in limes should be materially greater than that in the shales. Cal- 
eareous life flourishes only in clear waters, usually at some distance 
from land. While a considerable part of lime deposits consists of the 
shells of sea animals which inhabit the bottom, the greater part is 
made up of the remains of free floating and swimming organisms 
which live in the upper layers of the water. The downward move- 
ment of the shell remains is slow, and considerable of the lime may be 
redissolved before it reaches the bottom. Calcareous matter is gen- 
erally absent in deep sea oozes despite the prevalence of lime secreting 
organisms in the upper waters of those seas. Similarly it appears 
probable that the carbonaceous matter present in calcareous and sili- 
ceous organisms inhabiting all but the most shallow portions of the 
sea is largely redissolved or decomposed before reaching the bottom. 

The Deposition of Organic Debris.—Neither quartz sands nor 
lime particles are capable of attaching oily and fatty particles to them- 
selves to the extent that clay particles are. In waters containing ¢on- 
siderable amounts of finely divided organic matter and mud particles 
having this property, the joining of organic and inorganic matter and 
their precipitation together may be expected. The deposition of or- 
ganic matter would be materially hastened and the chance of its 
preservation greatly increased. Continuance of the same type of 
action would provide a clay covering which would terminate the pe- 
riod of biochemical alteration and decomposition. The impervious 
nature of clays would serve to prevent circulation of ground waters 
during slight uplifts. Of course, not all silts would cause precipita- 
tion or deposition of the suspended matter to the same extent. Coarse 
silts, because of the weight of the individual particles, would be the 
best precipitating agents. Silts that remain in suspension for indefi- 
nite periods and ultimately form fine deposits, such as those of the 
deep seas, would be of no value, as decomposition would destroy the 
organic matter which had attached itself to the particles before depo- 
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sition took place. The condition of the water itself is important. 
Unlike sand grains, which are carried in true suspension and main- 
tained in suspension purely by the motion of the water, clay particles 
are largely in colloidal suspension or solution. The river water on 
entering a large standing body of water loses its clay content much 
more rapidly if the latter contains salts in solution. Rapid, close- 
to-the-shore deposition of clays is more pronounced in ocean waters 
than it is in the fresh waters of lakes. 

Wave action may be sufficient to carry fairly coarse silt for long 
distances from the shore and break up deposits formed close to river 
mouths as soon as they are formed. This is logical where the water 
empties directly into the ocean and not into a partly land-locked basin 
such as the Mediterranean Sea, the Gulf of Mexico, Lake Maracaibo, 
and the Gulf of Lower California. While some reworking of silts is 
desirable in the deposition of oil source materials, the carrying of 
such material for great distances is unfavorable to the preservation of 
the organic matter. 

Although it is generally agreed that salt water is an important 
agency in regulating the manner of deposition of oil-forming debris 
and assists materially in hastening deposition, there is no reason to 
believe that organic matter will not be preserved in the comparatively 
fresh waters of land-locked bodies in humid regions. In facet, the 
protection against washing by strong ocean currents afforded by the 
topography, together with the abundance of organic matter, should 
make such areas the most logical place for the accumulation of black 
clays and shales. M. A. Goldman? ealls attention to the high organic 
content of the clays being formed on the bottom of protected parts of 
Chesapeake Bay. Conditions existing in the basin of Lake Maracaibo, 
an arm of the Caribbean Sea, appear to be even more favorable to the 
accumulation of oil-forming debris than those of Chesapeake Bay. 
Similar conditions are found in various parts of the East Indies. 

The general absence of examples, to which one might point and 
say, “‘there is an example of the accumulation of oil source materials,”’ 
is to be expected. At present the continents are largely in emergence. 
Epeiric seas, such as those which formerly extended across North 
America from the Gulf of Mexico to the Arctic, and over Asia to 
connect the Arctic with the Indian Ocean are unknown. Remnants 
and reminders of their former extent are present in such waters as 
the Gulf of St. Lawrence, Hudson Bay, the Gulf of Lower California, 


1 Amer. Assoc. Pet. Geol. Bull, Vol. 8, pp. 195-201, 1924. 
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and the Baltic Sea. All of these lack one or more of the climatic 
conditions necessary to the formation of oil-yielding clays and muds. 

The average depth of the epeiric sea was not great. Interbedding 
of cross-bedded sandstones of delta origin and massive limestones laid 
down in moderately deep clear waters indicates the oscillating nature 
of the shore line. Whereas peat formation was characteristic of those 
periods during which the surface of the epeiric basins was slightly 
above the level of the sea, the conditions most favorable for the acecu- 
mulation of black shales and clays were those when they were slightly 
below that level. The long continued period of deposition was no less 
essential to the formation of the clay than to the accumulation of peat. 

While the tangled mass of twigs, branches, roots, and tree trunks 
served to retard water circulation and prevent washing away of coal- 
forming debris, the organic silts were protected from removal only by 
the land barriers that surrounded the basins in which they were de- 
posited. Land-locking must be considered as of prime importance in 
the deposition of oil source materials. 

The Functions of Metamorphic Agencies.—Before applying the 
principles just outlined to the distribution of oil horizons among the 
sedimentary formations of the earth, it is desirable to point out again 
that organic sediments undergo considerable change before the stage 
of oil formation and expulsion is reached. Furthermore the oil and 
the surrounding sediments are subject to alteration that may increase 
the value of the oil or destroy it entirely. The product of the cover- 
ing of organic clays is the substance we have called sapropelie clay. 
Time will cause it to shrink and compact; but, other than reducing its 
content of water, will not cause material change in the clay. The cre- 
ation and expulsion of oil into more porous rocks can be accomplished 
only where the more active agencies of heat and pressure are permitted 
to function. Static pressure supplied by the deposition of later sedi- 
ments may be considered as the most important agency in lithification 
and dehydration. The conversion of organic matter into liquid and 
gaseous petroleum compounds must be attributed in part at least to 
dynamic pressure. Without overburden to supply a restraining pres- 
sure, dynamic pressure would result in change in physical form rather 
than in chemical character. 

Kerogen shales, such as those of the Rocky Mountain Green River 
formation of Eocene age, may be considered as not having been sub- 
jected to sufficient pressure to convert their kerogen into petroleum. 
The substantial percentage of kerogenetic matter still present in the 
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Devonian black shales of the Mississippi and Ohio Valleys and in the 
Carboniferous shales of Scotland is less easily explained. They differ 
from the Eocene shales sufficiently in physical properties to indicate 
that they have had a different history. The areas in which the De- 
vonian shales have been studied the most, namely Indiana and Ken- 
tucky, are also the areas in which they have been subjected to the least 
dynamic pressure and probably covered by a smaller thickness of later 
sediments than in adjacent areas. It is possible that these shales, 
despite their age, have not been subjected to static and dynamic pres- 
sure much greater than those of the Green River group. 

The writer considers that the lower average yield, the difference in 
character of oil obtained by retorting, and the greater degree of altera- 
tion shown by the older shales, indicate that the complete conversion of 
kerogen is not accomplished until the metamorphism of the shale is 
well under way. Certainly there is ample evidence to indicate that 
the Devonian shales were the original source of the oils which are 
found in horizons above and below them in areas close to those where 
they have been studied. 

Metamorphosed Rocks as Sources of Oil—In one sense all of the 
stages through which sediments pass after they have been deposited 
are stages in metamorphism. Thus hthification and dehydration may 
be considered as preliminary stages of metamorphism. Ultimately the 
sedimentary rock loses its original characteristics under the influence 
of extreme dynamic and static pressure or the heat and gases and 
liquids associated with intruding igneous masses. When that stage 
is reached, the rock is no longer called a sedimentary one but is classed 
as a metamorphic type. In such alteration shales become slates; lime- 
stones are converted into marbles; pure sandstones become quartzites; 
and impure shales and sandstones are altered to schists and gneisses. 
The outstanding characteristics of such rocks are their crystalline 
character and the absence of pore space. Bedding planes disappear 
and are replaced by slaty and schistose struetures and cleavages, the 
perfection of which depends upon the completeness of the metamor- 
phism and the nature of the minerals composing the product. Meta- 
morphism may also, if the proper minerals are present in the original 
sediments, result in the formation of single complex compounds and 
the freeing of carbon dioxide, water, or both. 

The conditions that not infrequently cause the union of calcite, 
kaolin, and quartz to produce the complex garnet are conditions that 
are unsuited to the preservation of the unstable hydrocarbon molecule. 
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In fact, even if it were possible to prevent its destruction, there would 
be practically no pore space in which to store it after the conversion 
of the sediments into metamorphic rocks. The only evidence of the 
former existence of bituminous matter in metamorphic rocks of sedi- 
mentary origin is that indicated by the presence of flakes and specks of 
erystalline graphite. Metamorphic rocks may also be formed by the 
dynamie alteration of igneous rocks. These do not even show such 
evidence. 

Regardless of the origin, such rocks must be considered as dis- 
tinctly unfavorable to the accumulation of oil. Local or contact meta- 
morphism associated with igneous sills or dikes may be of little im- 
portance ; but where massive bodies of erystalline rocks resulting from 
regional alteration are found, the possibilities of finding oil below them 
are extremely small. 

Unhappily the stages of alteration of organic remains do not coin- 
cide with those of the purely inorganic material. In fact, metamor- 
phism, as the term is generally used, can hardly be said to have begun 
in sedimentary rocks in which dry gases, the end products of the al- 
teration of oils, are the only substances of the petroleum family: 
remaining. | 

Between the comparatively young rock, which is just passing 
through the stage of lithification, and the one which lies on the border 
line between the metamorphic and sedimentary classes, there are 
recognizable distinctions. Between intermediate types these distine- 
tions are not so clear. To some extent the pore space of sandstones 
may be used to indicate the stage in the preliminary alteration to 
which it has been subjected. Sandstones in the least altered areas are 
more porous and open than those in areas where alteration has pro- 
gressed farther. However, porosity is also a function of the size of 
the grain, the shape of the grain, and of the amount of cement that 
has been introduced. Similarly, while clays and limestones show 
differences in different stages, the differences are not such as permit 
them to be used as indicators of the degree of alteration of petroleum 
except in a most general manner. 

The dynamic agencies that cause the alteration of oils are also ac- 
tive in causing alteration in other types of organic deposits. This 
means particularly the alteration of coals. The alteration of coal 
shales or ‘‘slates’? and spent kerogen shales, from which the oil has 
been formed, should show similar changes; but there are not sufficient 
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data on hand to indicate how changes in their character should be 
interpreted. 


Comparative Alteration of Coal and Petroleum-—The parallelism 
in location between coals and oils of Pennsylvanian age in the East- 
ern and Mid-Continent areas of the United States has made it possible 
to acquire a fair idea of the comparative effects of dynamic meta- 
morphism upon coals and oils. To quote directly from David White,! 
whose studies have been the basis of all later work: 


‘7. In regions where the progressive devolitilization of the organic 
deposits in any formation has passed a certain point marked in most 
provinces by 65 to 70% of fixed carbon (pure coal basis) in the asso- 
ciated or overlying coals, commercial oil pools are not present in that 
or other formations normally underlying it though commercial gas 
pools may occur in a border zone of higher carbonization. The ap- 
proximate carbonization limits of the rocks containing or overlying oil 
pools may be found to vary somewhat in different provinces according 
to the characters of the original organic debris, the circumstances at- 
tending its deposition and the geologic structure. 

‘*8. Wherever the regional alteration of the carbonaceous residues 
passes the point marked by 65 or perhaps 70% of fixed carbon in the 
pure coal, the light distillates appear in general to be gases at rock 
temperatures. Occluded oils may in some cases, have escaped volatil- 
ization.”’ 


M. L. Fuller? in applying the principles of White to possible ex- 
tensions of oil producing areas in North Texas suggests the following 
relationship : 


Carbon ratio over 70%-—No oil or gas, with rare exceptions. 

65-70%-—Usually only ‘‘shows’’ or small pockets. No commer- 
cial production. 

60-65%—Commercial pools rare but oil exceptionally high grade 
when found. Gas wells common, but usually iso- 
lated rather than in pools. 

55-60% —Principal fields of light oils and gas of Appalachian 
and Mid-Continent Fields. 

50-55%—Prineipal fields of medium oils of Ohio, Indiana, and 
Mid-Continent. 

under 50%—Fields of heavy Coastal Plain oils and of unconsoli- 

dated Tertiary and other formations. 


The dead lines set by Fuller seem to the writer to be a little low 
if the coal and the oil are of the same, geologic age. The greater part 


1 Wash. Acad. Sci. Journ., Vol. 5, p. 212, 1915. 
2 Keon. Geol., Vol. 14, p. 538, 1919. 


112 GEOLOGY OF PETROLEUM AND NATURAL GAS 


“75°10 Springfield » 


4 
Oss 3055°B. Oils (Pa) _ 


 —55-40°B. Oils (Pa) 
5 5 40-45°B.Oils (Pa) 


50% ! \Fort Smit 


ral all 


) ARKANSAS 


A 
Fort Worth 
LEGEND 
Coal Areas COAL 1SOVOLS 
eq Oil Fields es DO MUMILE 
<> Gas Fields Inferred 


Fig. 8.—Relation of Coal Isovols to Oil and Gas Production in the Eastern 
Portion of the Mid-Continent Provinee. After Lilley, EH. R.: E. & M. J.-P., Vol. 
IUee Dem O ene O24 


CONDITIONS LIMITING OCCURRENCE OF PETROLEUM 113 


of the oil of Pennsylvania is produced from pools lying between the 
isovols (lines of equal carbon ratio) of 55 and 60%, but the oil is of 
greater age than the coal beds used as a basis of comparison. Gas is 
produced in eastern Oklahoma and western Kansas where the carbon 
content of the pure coal reaches nearly 80%. Substantial oil pools 
of Pennsylvanian age are found in Oklahoma adjacent to coals having 
a carbon ratio of 65%. If the relationship be definitely understood to 
be limited to comparisons between coals and oils of the same age, the 
author * finds that the following relations seem to hold: 


Fixed Carbon Percentage Character of Hydrocarbons 
80-100% No hydrocarbons. 
70— 80% Dry gases only. 
60— 70% Paraffin base oils above 40° B. 
55— 60% Mixed base oils of 35-40° B. 
50— 55% Mixed base oils below 35° B. 
Below 50% Asphaltic oils. 


In applying the theory to the possibilities of the existence of oils 
in formations of different age than those containing the coal, allow- 
ance must be made for the greater degrees of alteration possible in 
underlying beds. When there is no marked unconformity between 
rocks of successive periods, it is probable that the lowering of the 
limits set by 5% will cover the conditions adequately. However, 
where several geologic periods separate the coal horizon from the one 
in which oil is anticipated, the quality of the oil and the limitations to 
its existence may bear no relation to the carbon ratios in the younger 
coals. Marked unconformities, especially those which separate rocks 
of one geologic era from those of another, would probably show simi- 
lar lack of relationship between rocks of successive formations. 

The relations suggested between characteristics of coals and oils 
are based upon comparisons between normal samples of each. Ash 
and moisture do not enter into the carbon ratios used. During all but 
the last stages of their alteration, cannels and boghead cannels contain 
abnormally large amounts of volatile matter and correspondingly low 
percentages in fixed carbon. Sulphur, nitrogen, and oxygen com- 
pounds materially increase the density of oils. The character of the 
reservoir rock containing the oil may influence the density and char- 
acter to some extent. The resistance of limestones and well cemented 
sandstones to the mashing and shearing action of dynamic forces is 
materially greater than that of poorly cemented sands. The carbon 


1 The Oil Industry, p. 30, 1925. 
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ratios in faulted areas and folded sections where the stresses have re- 
sulted in movements of large masses rather than intergranular ad- 
justments are materially lower than in sections where such adjust- 
ments have been the sole means of absorbing stresses. Underground 
waters and gases have in many cases materially increased the density 
of oils by the addition of new elements and polymerization of the 
hydrocarbons. 

The application of changes in coals to the determination of the 
exact character of oils is difficult at best. It can only be approximate. 
Yet use of the theory in delimiting the areas of least probable produc- 
tion and therefore greatest risk to the operator is highly advisable. 

Summary.—The organic nature of oil source materials limits the 
occurrence of oil to those sections in which the conditions suited to 
the existence of life have been present. While oil is a liquid and thus 
has considerable freedom of movement, the most likely places in the 
stratigraphic column for it to occur are those nearest the source beds. 
Rocks of erystalline character, whether of igneous or metamorphic 
origin, are not promising indications. The possibilities of sedi- 
mentary rocks can be determined in the absence of surface indications 
of oil by those characteristics which indicate the conditions of their 
formation. The occurrence of black shales is to be considered as a 
most promising indication. However, alteration may cause the de- 
struction of hydrocarbons. Where coals are available, they may be 
used in determining the approximate degree of that alteration. 
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CHAPTER VI. 


GHOLOGIC HISTORY AND THE OCCURRENCE OF OI. 


The relative scarcity of petroleum in rocks of some ages, its entire 
absence in others, and its abundance in a few, indicate differences in 
the conditions existing in different periods of fundamental importance 
to petroleum geologists. 

Pre-Cambrian Rocks.—The earliest rocks of which we have any 
direct knowledge are those of Archeozoic and Proterozoic ages. These 
in North America form the Great Shield of Canada and the cores of 
mountainous areas scattered throughout the continent. Many of the 


— 


Fic. 9—Map of the United States showing areas in which Pre-Cambrian 
roeks or Post-Cambrian intrusive or plutonic rocks are at or near the surface. 
After Meinzer, O. E.: U.S. G. 8. Water Supply Paper 489, p. 198, 1923. 


rocks of this age now showing on the surface are granitic and volcanic 
in nature. Shales, sandstones, and conglomerates were deposited in 
much the same manner as they are today. While the fossil record of 
these ages is scant and may be said to be entirely lacking in the Arche- 
ozoic, there is reason to believe that primitive forms of life, such as 
algae, existed in the Archeozoic, and that primitive marine inverte- 
brates were developed during the Proterozoic. Limestones were 
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formed in both ages but may have been of chemical and detrital origin 
rather than organie precipitates. The Grenville series of the Adiron- 
dacks and eastern Canada, which is of Archeozoic age, contains an 
extremely large quantity of graphite. This graphite occurs in 
quartzite-schists, which may be considered as the products of the 
alteration of carbonaceous or bituminous sandstones and _ shales. 
Their carbon was probably contained in primitive marine plants and 
animals. 

While the life of these eras was entirely different from that of 
succeeding ages, it certainly cannot be said to have been non-existent. 
It may, as the existence of disseminated graphite in crystalline quartz- 
ite-schists indicates, have been converted into petroleum. Except 
from the academic point of view, the existence or non-existence of 
petroleum is of no importance as all known Archeozoic and Protero- 
zoic rocks are so highly metamorphosed as to preclude the possibility 
of their containing any liquid or gaseous hydrocarbons. 

The Cambrian Period.—Broad generalizations cannot be drawn 
on the periods succeeding the Proterozoic. Rocks of all of them pro- 
duce oil or gas in some amount. Some yield considerably more than 
others. In those which produce relatively small amounts, there is 
some evidence to indicate that the oil was originally formed from sedi- 
ments of another age and has migrated into its present abode. Such 
views are supported by the unfavorable character of the strata in 
which the oil is found. All rocks of sedimentary origin laid down 
during or after the Cambrian period must be considered as potential 
sources of oil until examination or drilling has proved them non- 
petroliferous. 

The close of the Proterozoic was characterized by wide emergence 
of the continents and mountain building movements of major impor- 
tance and world wide extent. The finding of tillites and glacially 
striated boulders in the deposits of Middle and Late Proterozoic in 
North America, Asia, Africa, and Australia, indicates ihe existence of 
glacial conditions throughout much of the world at the end of the 
Proterozoic. Some authorities consider that the glacial conditions 
continued into the Cambrian, but it seems to be more generally be- 
lieved that wide-spread glaciation ended before Cambrian deposition 
began. However, much of North America and other continents was 
probably still comparatively high land and subject to erosion during 
the early part of the Cambrian. 

Two synclines of major proportions developed in North America 
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early in the period. These were the Appalachian and the Cordilleran 
geosynclines. At first they were comparatively narrow and relatively 
deep. The first extended from the region of the Gulf of St. Lawrence 
to the Gulf of Mexico; the second, from the Arctic southward to Lower 
California. During the middle and later portions of the period, the 
waters of these troughs spread out over much of the central portions 
of the continent, deposits reaching considerable thickness in the Mis- 
sissippi and Ohio Valleys. Similar transgressions of the seas upon 
other continents are known and have been studied carefully in Europe. 

A limited quantity of gas is considered as coming from the Cam- 
brian strata of western New York. Non-commercial quantities of oil 
have been obtained in Newfoundland and Nova Scotia from rocks 
which are believed to be of the same age. There is no other evidence of 
oil in rocks of this age. The abundance of rocks consisting of ear- 
bonate of lime, especially in Middle and Upper Cambrian strata, and 
the prolific nature of the fauna of invertebrate marine animals with 
lime skeletons indicate a mild and equable climate. The fauna, while 
including representatives of the main stocks or phyla of the marine 
invertebrates, shows only the simpler forms. This is natural for a 
period so early in the earth’s history and one that follows so closely 
after widespread glaciation and abnormally low temperatures. There 
is no evidence to indicate the existence of land plants or animals in the 
strata of this period. The existence of lower forms of such life, or at 
least of plants in the lowland is considered probable. There is no rea- 
son to believe that sufficient life was developed in protected shallow 
fresh and semi-fresh water basins to produce oil-forming debris. 

Many of the rocks of this age are partly or wholly metamorphosed. 
The metamorphism in others has not progressed far, but the reduction 
of pore space is generally considered to preclude their containing ¢om- 
mercially valuable amounts of oil. Exceptions to this should be noted. 
W. J. Miller? states: ‘‘In eastern and central Europe, for example 
Russia, the strata are mostly practically horizontal and even uncon- 
solidated beds of sands and clay have been found.’’ 

Ordovician History._The Cambrian system was followed by the 
Ordovician. This was of greater duration and should be subdivided 
for careful study. In North America there were three distinct pe- 
riods of submergence of the largely worn down continent. The first 
of these was of shorter duration and smaller extent than the last two. 
Its existence is shown by the presence of thickly bedded dolomites in 


1 Introduction to Historical Geology, p. 68, 1916. 
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the Appalachian trough. This was the most important area of deposi- 
tion in North America at this time. The reflooding of the continent 
during Middle Ordovician followed different lines than that of the 
early portion of the period and the Cambrian. The north-south 
troughs were no longer continuous water areas but were divided by 
uplifts in the region of the Gulf of St. Lawrence and in Montana, 
southern Alberta, and Saskatchewan. The waters of the Appalachian 
trough were extended westward to Oklahoma, Kansas, and northern 
Texas, and northwest to flood the central plains of Canada and join 
with the Arctic. 

The Middle Ordovician of the Ohio Valley is probably the best 
known to the oil geologist because it contains the Trenton horizon. 
The Trenton formation is composed of thin bedded limestones inter- 
bedded with dark shales. 

The last of the floods of the period was largely a repetition of the 
second, with the exception that for some time the St. Lawrence-Gulf 
of Mexico connection was reestablished and that the waters did not 
extend as far to the west in the central states. While shales were of 
increasing importance and sandstones appeared in large amounts as 
the last of the three floods ebbed, the thin bedded lmestone still re- 
mained the dominant sediment until the close of the period. 

Much of Europe appears to have been submerged during the Ordo- 
vician, but the submergence can hardly have been as marked as in 
North America. Limestones are relatively scarce in Europe. 

Throughout all but the very last portion of the period, a warm and 
equable climate existed in North America and probably throughout 
the whole of the Northern Hemisphere. Less is known of conditions 
in the Southern Hemisphere. The close of the Ordovician was acecom- 
panied by little crustal disturbance other than direct uplift in eastern 
North America. In the British Isles and probably in the western 
portion of Europe, Middle and Upper Ordovician time was one of in- 
tense volcanic and plutonie action. Sediments in those areas were 
highly metamorphosed. Similar action occurred in Australia. 

Ordovician Oil——The Ordovician is the first of the world’s great 
oil reservoir periods. Luther White’ considers the ‘‘Turkey Moun- 
tain Sand or Siliceous Lime’? oil horizon of Oklahoma as being the 
upper and eroded surface of the Arbuckle limestone. He ealls this 
Cambro-Ordovician. Above this horizon, oil is obtained from the 
Wileox sands, the Burgen sandstone, and sand lenses in the Tyner 


1 Petroleum Development and Technology in 1925, p. 585. 
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formation, which are considered as of Simpson age and placed in the 
Ordovician period. 

Until recently the oldest productive horizon in the Eastern Prov- 
ince of the United States was considered to be the Trenton limestone, 
a formation laid down during the latter part of the second transgres- 
sion of the sea. It is the source of oil in the Lima-Indiana district 
and is productive in other parts of the east. Development in Ken- 
tucky and Tennessee has shown the existence of paying quantities of 
oil immediately below the Trenton in limestones considered to belong 
to the Stones-River group. These are still Middle Ordovician in age. 
Above the Trenton are several producing horizons in Kentucky. 
These are placed in the Upper Ordovician. 

While the wide-spread occurrence of oil in rocks of Ordovician age 
suggests that it was original with the limestones or the shales of that 
age, there seems to be considérable feeling among petroleum geologists 
that much of the oil was originally formed in the Devonian or Chatta- 
nooga black shales and has migrated downward into the older rocks. 
Luther White? suggests that the absence or presence of oil in some of 
the deeper Ordovician beds in Oklahoma may be due to the absence or 
presence of porous beds capable of absorbing the oil lying between the 
Chattanooga (Devonian) shale and these beds. The well records of 
both the Mid-Continent and the Eastern Provinces show but limited 
amounts of dark colored shales in the Ordovician. Dark colored lime- 
stones are more common, but their value as original sources of oil is 
questioned. 

Silurian History.—In general the Silurian was marked in North 
America by continental emergence. Except for a single epoch of 
flooding in the middle of the period, seas were never comparable in 
extent with those of the Ordovician. Silurian strata are generally 
absent west of the Mississippi River. Erosion was probably long 
continued in this area. Except during the last part of the period the 
climate in North America was warm, moist, and equable. Land plants 
and animals, together with fresh water marine life, have left sufficient 
fossil records to prove their wide-spread occurrence. The shallowing 
and restriction of the epeiric seas undoubtedly restricted life of the 
marine type. While the marine fauna was still prolific, it was not as 
varied as that of the Ordovician. In the Appalachian trough the 
Lower Silurian deposits consist of eross-bedded sandstones, sandy and 
caleareous shales, and Golitie and fossiliferous iron ores. 


1 Idem, p. 591, 
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The comparatively brief submergence during the middle of the 
period was accompanied by the deposition of limestones, now of dolo- 
mitic character. The later part of the period was marked by redue- 
tion of the seas and the development of arid conditions in New York, 
Ohio, Ontario, and Michigan. Salt and gypsum were characteristic 
deposits in these areas at this time. Immediately above these and 
occupying a considerably larger area are deposits of clay-limestone or 
cement rock. This is sun cracked and otherwise indicative of shallow 
water conditions. 

There is reason to believe that the Middle Silurian flood was due 
to great mountain building movements throughout the Old World and 
in South America, which caused a surplus of water to flood the low 
lying eastern lands. Evidence of glaciation during the Late Silurian 
has been found in Alaska and British Columbia. 
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Fira. 10.—East-west section across the Cincinnati Arch in Ohio and Indiana. 
After Orton, E.: U.S. G. S. 8th Annual Report, Part 2, Plate LVIII, 1889. 


Silurian Oil.—Silurian formations are mueh less common in 
North America than those of Ordovician age. Unless the Hunton 
limestone, which has been tentatively called Siluro-Devonian by Okla- 
homa geologists, is considered as Silurian, the production of oil and 
gas from this period is obtained only in the rim areas of the Appala- 
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chian trough and in the overlap sections immediately west of it. Sand 
beds in the Medina shales of Lower Silurian are productive of gas 
and oil in New York and Ontario. The Clinton formation of Middle 
Silurian is an important producing horizon in parts of Ohio. The 
Niagaran formation of Upper Silurian age is productive over a wide 
area in Kentucky and yields some oil in New York, Ontario, and In- 
diana. 

The Cincinnati Uplift—The lateral extent of the Silurian forma- 
tions in the east and the manner of the movement of the oil in the 
porous horizons were largely due to the development of the Cincinnati 
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Fig. 11.—Geosynclines, Embayments, and their Extensions during Devonian 
Time in North America. Shading indicates areas of greatest subsidence. After 
Sechuchert, C.: Geol. Soc. Amer. Bull., Vol. 34, p. 220, 1923. 


uplift. This began in the later portion of the Ordovician. During 
Early Silurian this geoanticline definitely separated the interior basin 
into two divisions: one to the east, and the other to the west of a line 
running north and south through western Ohio. During Middle Silu- 
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rian the central portion of the arch was submerged below the level of 
the seas, leaving only two islands above the water. These from their 
location were known as Nashville and Cincinnati islands. The islands 
persisted throughout the later part of the Silurian but were finally 
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Iie. 12.—Section of the Paleozoic rocks of the central portion of the oil 
areas of West Virginia. After Reger, D. B.: A. I. M. H. Trans., Vol. 56, p. 860, 
1916, 


base-leveled and covered with sediments in the Devonian. However, 
they continued to influence deposition throughout the whole of the 
Paleozoic. Their outlines are clearly shown by outcropping strata 
today. 
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Devonian Conditions As in the case of rocks of the earlier 
parts of the Paleozoic, our knowledge of the Devonian has been gained 
largely from study of the deposits of the eastern states. Early Devo- 
nian was not unlike the last part of the Silurian in this area. Despite 
the narrow limits of the two basin areas on either side of the Cinein- 
nati Arch, their deposits were largely limestones. In the far west, the 
Cordillerie or Rocky Mountain trough seems to have been well devel- 
oped and to have been a center of lime deposition throughout the 
whole of the period. Early in Middle Devonian the connection be- 
tween the Atlantic in the region of the St. Lawrence and the Gulf of 
Mexico seems to have definitely ended. In the middle of the period 
the waters of the Cordilleran Sea spread slowly northward and east- 
ward to unite first, with the waters of the Arctic, and later, in Upper 
Devonian, with those of the eastern basin. This produced a more or 
less continuous body from the Pacific to the Appalachian area and 
from the middle west to the Mackenzie Valley of Canada. 

While shales were uncommon in the middle of the period, they 
became the dominant type cf deposits during the last half of the pe- 
riod throughout much of the submerged area. Along the eastern edge 
of the Appalachian trough, that is, in western Virginia and Maryland, 
central and eastern Pennsylvania, and eastern New York, tremendous 
thicknesses of fresh and brackish water delta deposits were laid down. 
In the land masses immediately east of this belt, mountain building 
movements occurred. 

Early Devonian seems to have been characterized by wide-spread 
uplift and folding throughout Oklahoma and adjacent states. This 
period of uplift was followed by one of erosion and base leveling which 
did not end until the close of the Devonian. Thus while the record 
of this period is one of practically continuous sedimentation through- 
out the Appalachian basin, it is represented by a very thin and in- 
complete section in the Mid-Continent area. The Chattanooga brown 
and black shales, in which the bulk of the Pre-Pennsylvanian oil of 
Oklahoma is believed to have originated, appear to have been laid down 
in the Early Mississippian rather than in the Late Devonian as had 
been originally believed. 

Despite the emergence of wide areas in Hurope and the North 
Atlantic area, Devonian time seems to have been characterized by a 
mild climate. The rapid spread and development of animal and plant 
life upon the continents indicates that while semi-arid conditions may 
have existed in many of the highly uplifted areas, there were others 
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* After Fuller, M. L.: Geol. Soc. American Bull., Vol. 28, p. 638, 1917- 
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in which all of the conditions were favorable to life. While not of 
commercial value, coal beds indicate the existence of coal forming 
swamps of local extent in Norway and Scotland during the Devonian. 
In the shallow upper Devonian seas, black muds or shales were de- 


ay sania ea elie) ae ‘ 4. aise 19 zie 2 24 is 
x a it (Vewhrk Les! T elchy Miamil oa 
ie X ih ESHA Ep —TOTTAWAL, 
aac Nyt qelockaet SI | Bare ifs © | NOWATA n x 
2 ' Cipla Gal Pawhusky 1 au NowataC RA\G [. 126 9 
I th i— j— A \ OWE LF les] © | j a een: —Phs 9 
| AN Sheath a x) f $ 
saa 23 A =e 
Erich j N BETS 
AR FIELD 2 L_PAWN 
= Peril ie 
| fea | Eile ee 
B Ap Ey ip igs > 
8 ‘axe lia < 
AOso ges SApulpayp wy 
AN = E~K 1, 
N \@ 
is 
4 
‘ 
18 


HASKELE+ 
HUNTON HAS YET BEEN ENCOUNTERED, : 
FAST OF THIS LINE Wier 


Hi 

SSR ta 

4A 4 Ve TPITTSBURG TT A Poteau | | 
siali plies iy ei | pte wilburton ba Diwali: 


=e f_ : jaf te ty = 
«= Location of Wilcox Pools andMisener © =Discoveredin 1925 +=Hominy, Turkey Mt-and Siliceous Lime 


i 
WO. 


Fig. 13—Map showing geographic distribution of Pre-Chattanooga rocks and 
oil pools in Northeastern Oklahoma. The map may be considered as the surface 
geology map of the area at a time immediately preceding the beginning of the 
deposition of the Chattanooga shales. After White, Luther H.: Pet. Dev. and 
Tech. in 1925, p. 586. 


posited in varying thickness from Pennsylvania westward to Okla- 
homa and from Tennessee northward to the Mackenzie Valley. Of 
course, these shale beds were not formed continuously over the whole 
area, and erosion has removed much of the original shale from others. 

Devonian as a Source of Oil— Excluding the Hunton lime, whose 
age is still in doubt, limestones of Lower Devonian age have proved 
of little interest to the oil geologist. The Corniferous limestone and 
the Hamilton formation of Middle Devonian are of considerable im- 
portance in the Appalachian syncline east of the Cincinnati Arch. 
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The greatest production of the Devonian comes from sands of the 
Upper Devonian. These are sand lentils of considerable thickness 
and areal extent in the black shales of northwestern Pennsylvania and 
western New York. Similar lentils, but of slightly younger age, are 
productive through southwestern Pennsylvania aaa West Virginia. 
Production from all of these sand horizons may be considered as com- 
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Fig. 14.—Cross-section of Northeastern Oklahoma, showing geographical dis- 
tribution of Pre-Chattanooga rocks. After White, Luther H.: Petroleum Devel- 
opment and Technology in 1925, p. 590. 


ing from the equivalent of the Chattanooga shale, although that for- 
mation reaches a thickness of more than 4000 feet in parts of the oil 
producing areas of Pennsylvania and decreases to less than 50 in 
sections of southern Kentucky. and Tennessee. Some oil has been 
secured from similar sands in the Mackenzie Valley of Canada. 
While at first sight the Devonian of the Mid-Continent area seems 
to have very little importance to the oil geologist, this is far from 
true. The long period of erosion which followed the uplift and fold- 
ing in the Late Silurian or Early Devonian served as a period of 
preparation whose importance can hardly be estimated. Sandy for- 
mations were exposed and limestones eroded and water channeled so 
that they could function as containers for the oil which was to be sup- 
plied to them somewhat later from the Chattanooga shales. 
Mississippian Conditions.—While the end of the Upper Devonian 
was characterized by wide-spread retreat of the seas, the line of de- 
mareation between the black shales, which are definitely of that age 
and those that, owing to paleontological evidence, are considered as 
Lower Mississippian, is very indistinet. Thus, while the Chattanooga 
of the Eastern Province is considered as Devonian, the Chattanooga of 
Kansas and Oklahoma is commonly considered as being the base of the 
Mississippian. East of the Cincinnati Arch the filling of the Appala- 
chian trough continued into the Mississippian. Sandstones, conglom- 
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erates, shales, and thin coal beds indicate the continued rapid erosion 
of the Appalachian land mass. West of the Cincinnati Arch and 
particularly west of the Ozark area, the tendency was toward sub- 
mergence. Lime formation continued between the arch and the 
Ozark area during the first half of the period, but later sediments in 
this section were largely of detrital material. In the extreme west, 
the Cordilleran syncline became deeper and broader, finally spreading 
over much of the area of the Great Plains. This produced a continu- 
ous body of water from the Cincinnati Arch to the Pacific and the 
Arctic Oceans, interrupted only by the presence of such elevated areas 
as Llano and Ozarkia and scattered islands throughout the Rockies. 

In the later part of the period the Cordilleran Sea was greatly 
restricted, and its waters separated from the rapidly shallowing seas 
of the upper Mississippi Valley. Salt and gypsum were laid down in 
the cut-off South Michigan lagoon, and shales and shaly limestones, in 
southern and eastern Oklahoma, northern Texas, and Illinois. The 
stratigraphy of central and southern Oklahoma was complicated by 
the development of a marked area of emergence during Mississippian 
time. This extended from Alabama westward through the Quachita, 
Arbuckle, and Wichita Mountain areas. This section was subjected to 
several periods of uplift followed by erosion and complicated by some 
submergence. Thus, while largely covered by water during parts of 
the Pennsylvanian, it divided the large Mid-Continent Basin into two 
basins: one to the north, the other to the south. 

Mississippian Oil—The Mississippian is a period of first rank as 
a producer of oil and gas in the United States. However, much of the 
so-called ‘‘ Mississippi lime’’ production in Oklahoma and Kansas has 
been proved to be of older age. The absence of representatives of the 
upper shaly Mississippian beds in northeastern Oklahoma leads to 
the belief that it has been removed by erosion from that section. How- 
ever, Mississippian limestones are responsible for the production of 
many of the deeper wells in Osage County and adjacent areas in north- 
ern Oklahoma and eastern Kansas. The Lower Mississippian of the 
Appalachian trough is one of the major producing horizons of Ken- 
tucky, eastern Ohio, and West Virginia. The Late Mississippian is 
the source of much oil in Illinois and western Indiana. The source of 
the oil in these various areas may be considered as either the early 
Mississippian or late Devonian Chattanooga shale, or its equivalent, 
or as the shale beds in the Middle and Upper Mississippian. 
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Pennsylvanian History.—Pennsylvanian time was similar to Mis- 
Sissippian in many respects. While the limited extent of early Penn- 
sylvanian seas and their connection with the Pacific through the 
waters of the Gulf of Mexcio rather than by water areas directly to 
the west indicate differences, the two periods were apparently not 
separated by crustal movements of any great extent. The end of the 
Lower Pennsylvanian was characterized by more or less continuous 
swamp or marsh conditions extending from Pennsylvania southward 


Fig. 15—Seas and Swamps of Early Pennsylvanian Time in North America. 
Shading indicates areas of greatest subsidence. After Schuchert, C.: Geol. Soc. 
Amer. Bull., Vol. 34, p. 223, 1923. 


to Alabama and westward to Oklahoma and Texas. The latter part 
of the period showed continued oscillation of the strand line. The 
low-lying Cordilleran areas were again subjected to submergence and 
thick limestones were laid down. ‘These are in distinct contrast to the 
sands and shales which predominate in the Mid-Continent and Hastern 
Provinees. As the building of the Appalachian Mountains in the 
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Hie. 16—Map showing distribution of Pennsylvanian outerops in the Eastern 
Mid-Continent Region. The size of the westward dipping monocline is clearly 
indicated. After Moore, R. C.: A, A. P. G. Bull, Vol. 9, p. 47, 1922. 
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eastern portion of the United States continued throughout the whole 
of the period and was accompanied by similar mountain building 
movements in all of the other continents, it is probable that the con- 
tinued submergence of the western lowlands was due to the inability 
of the ocean basins to contain the waters given back to them rather 
than to subsidence of the area itself. In Colorado, a predecessor of 
the present Hast or Front Range of the Rockies was built up. 

Pennsylvanian time is noted for the luxuriant plant and animal 
life which existed throughout the period. Not only is the evidence 
of that life contained in marine strata but also in fresh water and 
swamp deposits. In Europe, the general emergence of the continent 
began earler than in North America. Its deposits are more definitely 
of continental nature and less commonly of the open water basin 
types most prevalent throughout the Mid-Continent areas. While 
black and dark colored shales are found interbedded with coal seams, 
the greatest value of the Pennsylvanian as an oil producing period 
is found where the strata are more dominantly those of the epeiric 
sea than the continental swamp. 

Pennsylvanian Oil.—The limited quantity of oil found in Great 
Britain comes from the Lower Carboniferous rather than the Penn- 
sylvanian coal measures. Pennsylvanian sands and conglomerates are 
productive in the Appalachian trough but are of much less importance 
than the horizons of lower age which lie below them. In the Illinois 
field the Pennsylvanian is an important horizon, but the bulk of the 
oil comes from strata below the important coal beds. Some is secured 
in the Upper Mississippian. Pennsylvanian strata are of major im- 
portance in Oklahoma, Kansas, and North Texas, where the Cherokee, 
Glenn, and Smithwick shales, deposited in the early portion of the 
period, serve as the chief source beds. Numerous less extensive and 
thinner beds of shale probably serve as the source beds for the oil 
contained in the younger Pennsylvanian strata. 

Permian Conditions.—The Permian period marks the close of the 
Paleozoic era and with it the end of deposition of coal and oil forming 
debris in the Eastern and Mid-Continent basinal areas of the United 
States. The period was marked by the culmination of the great 
mountain building movements initiated in earlier periods in every 
continent of the globe. The waters of the epeiric seas were restricted 
to the basins of the oceans. Glaciation existed throughout many areas 
of the globe and was particularly in evidence in the southern hem- 
isphere. Early in the period salt and gypsum deposition began in 
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TABLE 34.—CLASSIFICATION OF THE TEX AS-PENNSYLVANIAN.* 


Thickr ess Colorado River Valley Brazos River Valley 
in Feet 
Put sha Coleman Junction limestone Coleman Junction limestone 
fentiation 125-175 { Santa Anna Branch shale Santa Anna Branch shale 
“| ( Sedwick limestone nas limestone 
Santa Anna shale Shale 
ee 150-200 Hore Creek limestone = ? Dothan limestone 
Watts Creek shale Shale 
cay Colorado limestone Camp Colorado limestone 
Pueblo Shale Shale _ 
formation 150-200 Stockwether limestone = ? Eolian limestone 
Camp Creek shale Shale 
Saddle Creek limestone 
; Saddle Creek limestone paele Ae 
atl eer ton 200-275 Srecceie a a 
2 Shale and coal Crystal Falls limestone 
oS Shale and sandstone 
fo} 
oOo . . 
iS (Breckenridge limestone oat enridge limestone 
| enue Chaffin” li 
: “Lower Chaffin” limestone Black Ranch limestone 
uel 100-200 4 Geer — 7 Blais 
“Speck Mountain”’ limestone Trenuiimestone 
| (Drake) = ? q 
Shale and sandst yee 
(oballeanossan Using Avis sandstone 
Wayland shale 
Wayland sat Se 
Salar 100-600 Gunsight limestone Bunger limestone 
Cryer } Bust Oreck shal Gonzales Creek shale 
TERE ee Jacksboro limestone 
Finis shale 
Caddo Creek 30-150 { Home Creek limestone Home Creek limestone 
formation Hog Creek shale Hog Creek shale 
ee peestons Ranger limestone 
2, : ( acid shale 
Bs Brad formation 175-250 Clear Creek limestone Seaman Ranch ‘hale 
o Cedarton shale 
as is 
ca Adams Branch limestone Adams Branch limestone 
& | Graford 170-450 Brownwood shale Brownwood shele 
[) formation Capps limestone bed 
Rochelle conglomerate 
ne ee 50-100 Not present Palo Pinto limestone 
Keechi Creek shale 
yy oe sandstone 
S . Salesville shale 
6 5| Mineral Wale i) 7506-800 Lake Pinto sandstone 
<s) Wadiferentiated 4 East Mountain shale 
Fs ; Brazos River sandstone 
s Mingus shale 
a eT Thurber coal 
illsap - 1.800- : 
formation aba aks Millsap formation (undifferentiated) 
Smithwick shale 400 Undifferentiated ) 
= £| Marble Falls ; 
ge limestone 400-500 | Undifferentiated Present, but not exposed 
Barnett shale 0-50 Undifferentiated 5] 


* After Moore, R. C., and Plummer, F. B.: 


Jour. of Geol., 


Vol. 30, pp. 24-25, 1922. 


GEOLOGIC HISTORY AND OCCURRENCE OF OIL 135 


Kurope, the salt basin extending from Treland to Germany. While 
marine deposits were laid down in some places, the Permian of Europe 
represents largely a continuation of the salt basin and continent depo- 
sition started in the beginning of the period. 

Despite the wide extent of glacial conditions, the existence of coal 
forming swamps in Australia, Brazil, and South Africa, is indicative 
of comparatively warm interglacial intervals of some length. In at 
least one area, the extreme southwestern and western parts of Texas, 
New Mexico, and adjacent states, the emergence and wide-spread 
aridity, which characterized the Permian in North America, did not 
come until late in the period. While the Permian of Oklahoma, 
Kansas, and North Texas, is composed almost entirely of brackish 
water and fresh water deposits or thick salt and gypsum beds, these 
do not occur before the later portions of the period in the southwest. 
Here the red-beds, which are so prominent throughout the whole of the 
Permian of Oklahoma and Kansas, are underlaid by thick and massive 
beds of Permian limestone. The open water conditions of New Mex- 
ico and the extreme western parts of Texas probably extended north- 
ward and westward to the west of the Pennsylvanian Rockies of 
Colorado into Idaho, Utah, and adjacent areas. 

Permian Oil—The major portion of the world’s Permian was 
laid down under conditions distinctly unfavorable to the accumulation 
of oil forming debris. Wide-spread erosion has removed a great deal 
of the original Permian beds. Many sections, such as the Rocky 
Mountain areas of today, have been subjected to most intense crustal 
movements, which have either destroyed the oil that the sediments may 
have contained because of locally favorable conditions or permitted 
it to escape to the surface through fault fissures. Late Pennsylvanian 
red-beds and Permian red-beds do contain productive sandstones. 
Limestones which yield oil in the Panhandle of Northwest Texas and 
the Marathon fold of western Texas are undoubtedly of this period. 
The productive horizon of the Artesia district of eastern New Mexico 
is in the Permian. The Embar and equivalent horizons of Wyoming, 
Montana, and Utah are also classed as of Permo-Carboniferous age. 
The origin of the oil in these various horizons is not clear. In some 
it must be considered as having come from shales of the same age. 
In others, for example the Panhandle area, the oil has accumulated 
along unconformities and may have originated in strata of older age 


which lie deeply buried. 
10 


136 GEOLOGY OF PETROLEUM AND NATURAL GAS 


The Paleozoic as an Oil-yielding Era.—Up to the present the 
rocks of the Paleozoic era have only proved productive on a large 
scale in the two great basins between the Rockies and the Appalachian 
Mountains. Where subjected to intense alteration accompanying 
major crustal deformation as in the Appalachian Mountains and the 
Quachitas, the rocks no longer contain oil or even gas. Wide-spread 


Fig. 17.—Map of the United States showing areas in which Paleozoic Rocks 
are at or near the surface. After Meinzer, O. E.: U. S. G. 8. Water Supply 
Paper 489, p. 202, 1923. 


erosion has removed much of the oil-bearing material originally laid 
down and complicated the unraveling of the history of the two major 
basins. Successive uplifts accompanied by erustal warping and fold- 
ing have further complicated the conditions. 

The absence of evidence of voleanic action or plutonic activity 
throughout the two basinal areas is an important indieation of the 
moderate character of earth movements in these areas. The Paleo- 
zoic Cordilleran syncline was undoubtedly a center of as wide-spread 
and varied deposition as were the areas to the east, but the later pe- 
riods of orogenic movement were of such intensity and so centered as 
to cause the destruction and escape of the major portion of the hydro- 
carbons originally contained. While the periods of diastrophie action 
came at an earlier date, there is reason to believe that they have 
brought about similar conditions in western Europe and probably in 
other continents. While less is known of the geological conditions in 
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these continents, it does not seem probable that Paleozoic rocks will 
attain the importance in them that they have today in North America. 

The extension to the west and southwest of the productive areas of 
Oklahoma, Kansas, and North Texas, and the further investigation of 
the northern and less altered portions of the Cordilleran syncline ly- 
ing in the Mackenzie Valley of northwestern Canada are subjects that 
will prove of great interest to oil geologists during the coming decade. 

Mesozoic Conditions.—In North America and Europe the first of 
the Mesozoic periods, the Triassic, was a period of little interest. to 
the oil geologist. While less complete, our knowledge of other conti- 
nents would indicate that conditions were unfavorable to accumula- 
tion of oil source materials in them also. In North America marine 
strata occur only in the extreme southern and western portions. In 
the east, block faulting along the contact of the old Appalachian land 
mass and the Appalachian Mountains formed in the late Paleozoic 
produced a series of trough-like basins. The products of the erosion 
of the adjacent highlands were deposited in these. The sediments are 
continental in character, and from the red coloration and the presence 
of arkose, appear to have been laid down under arid or semi-arid 
conditions. The faulting was accompanied by voleanic activity. Yet 
conditions could not have been wholly unfavorable to life as a few thin 
coal beds have been found, and many fossil remains are known. 

The Triassic of the Pacific states and of Central America appears 
to have been laid down upon submerged coastal plains rather than in 
true epeiric seas. In the last part of the period the Pacific waters 
extended farther inland, cutting off two large islands from the main- 
land. One of these was west of British Columbia and the other west 
of California. At this time the waters extended eastward into Utah, 
Arizona, New Mexico, Wyoming, western Colorado, and western 
Texas. The waters were shallow and the area so distinctly arid that 
red is the predominating color of the sediments and gypsum beds are 
of common occurrence. In the Triassic seas along the western coast, 
submarine voleanoes were extremely active. Limestones, together 
with detrital shales, were prominent near the present Pacific coast 
line. In southern Alaska black shales were laid down. 

Triassic Oil.—These black shales may have been the source beds 
for the oil contained in the Jurassic rocks of southern Alaska. The 
Chugwater formation, a series of red shales, sands, and gypsum layers, 
is productive of oil in Wyoming. While it is of Triassic age, the oil 
that it contains is unquestionably derived from other rocks, probably 


138 GEOLOGY OF PETROLEUM AND NATURAL GAS 


from shales of earlier age. The dolomite in which the wet gas of 
Turner Valley in Alberta is secured has been classed as Triassic. The 
age of the source beds is not known definitely. 

Except for these instances the Triassic of North America is not 
known to contain, or to have been, the source of oil. Outside of the 
continent the evidence is equally unfavorable, both because of the 
limited occurrence and unfavorable character of the sediments, and 
because of the lack of seepage or other indications from Triassi¢ rocks. 

Jurassic Conditions.—The Jurassic of North America and of 
Europe offer very different pictures. In Europe the record is that of 
long continued deposition on a largely sea-covered continent. Lime- 
stones were the most prominent of the deposits laid down during the 
period in that area. Black shales were common in parts of western 
Europe. Up to the present, however, only one minor area, that of 
Hanover in Germany, has been productive of oil. In this area fault- 
ing is prominent and the amount of residual asphalt contained in 
the rocks suggests that the highter constituents of the oils have escaped 
or their character been altered by ground waters. German oil is of 
asphaltic quality. Jurassic limestones filled with asphaltic or bitu- 
minous matter are of frequent occurrence in France as well as Ger- 
many, but there is little to indicate that they still hold commercial 
quantities of quid oils. Just as the Paleozoic areas of deposition in 
the Cordilleran syneline of the West were centers of intense crustal 
disturbances, so those of Jurassic age were the centers of action in 
Europe. The escape of oils through the open fissures resulting from 
intense faulting and folding has apparently removed the bulk of the 
oil formerly contained. 

In North America the Jurassic may best be considered as a period 
of preparation for the Cretaceous, which follows. In the east and 
Gulf states, the work of erosion continued without interruption. The 
early Jurassic deposits of the West show that the remnants of the 
Pacific overlap were still in existence. After a comparatively wide 
but short invasion of the land by the waters of the Arctic during the 
middle of the period, the western portion of the continent was up- 
lifted and a series of north-south trending mountain ranges built up, 
extending from Alaska to southern Mexico. The rapid retreat of the 
seas left wide areas in Wyoming, Colorado, and adjacent states in 
which the drainage was poor. In these areas fresh water deposits 
were laid down in the later part of the Jurassic. The waters of the 
Arctic invasion were characterized by a cool water fauna. 
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The element of greatest importance to oil formation was the de- 
velopment of a broad basinal area to the east of the mountains. This 
extended from the mouth of the Mackenzie to the Isthmus of Te- 
huantepee. The submergence of this area was largely the work of 
the Cretaceous; but Yucatan, the Isthmuthian area, and eastern 
Mexico were largely submerged before the end of the Jurassic. They 
remained submerged through the transition into the Cretaceous. The 
voleanic activity that began in the Triassic along the Pacifie coast 
continued through the Jurassic. 

Oil in the Jurassic—The small production from the Jurassic of 
southern Alaska has been mentioned. In Wyoming, the Sundance 
formation of this period is a source of some oil. In northern Mon- 
tana, the Ellis formation of the Upper Jurassic forms the chief pro- 
ducing horizon. The productive bed here is a sandstone, which rests 
uncvonformably upon the massive Madison limestone. This is of Lower 
Mississippian age. The Ellis contains some shaly black limestone, 
which may be the souree of the oil. This is not definitely proved to be 
the case, however. Some oil has been obtained in the Jurassic at Neu- 
quen in Argentina. The small Hanover district in Germany yields 
oil from Jurassic rocks. 

Lower Cretaceous History.—Except for the flooding of the Great 
Valley of California and its extensions in British Columbia and Lower 
California by waters from the Pacific, which turned the Coast Ranges 
into islands, and the invasion of the Arctic, which reached as far as 
Montana for a short time, Lower Cretaceous history in North America 
is largely the history of the development of the Comanchean sea of 
Mexico. This sea, during its greatest extent, submerged all except the 
extreme western portion of Mexico and extended as far northward as 
Wyoming. For a short time it connected with the Atlantic, flooding 
northern Florida, southern Georgia, and Mississippi, and extending 
up the Atlantic coast to North Carolina. In eastern Mexico, great 
thicknesses of Lower Cretaceous limestones oceur. During the middle 
of the invasion of northwestern Mexico and the western plains of the 
United States, the deposits were largely limestones; but, both before 
and after that, the deposits were those of areas close to land. The 
sediments filling the troughs parallel to the Pacific were composed 
almost entirely of detrital material. The southern portion of the 
Aretie embayment became extremely shallow toward the end of the 
Lower Cretaceous, giving rise to the formation of the Kootenai fresh 
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water series. 
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In southern Alberta and southeastern British Columbia, 


this series contains a number of workable seams of coal. 
In Europe during the Lower Cretaceous, the seas, which at the - 
close of the Jurassic had largely retreated, again spread over the 


TABLE 35.—-SEDIMENTARY FORMATIONS IN CENTRAL MonraNna.* 


Geologic age Group and formation oe Character 
| Recent. Dineen 0-50 | Flood-plain and alluvial-fan deposits of clay, 
sand, and gravel. 

Glacial drift. 1-10 | Boulders and gravel of granite, other igneous 
rocks, and limestone. 

Pleistoc : 
3 os Bench gravel. 10-50 | Deposits of gravel and sand forming flat- 
S topped benches. 
So 
a 
© | Eocene. Fort Union formation. 1,850-1,950 | A nonmarine sandy formation containing 
massive sandstone, buff and gray shale, 
and coal beds. 
Eocene (?) Lance formation. s20 | A brackish to fresh water sandy formation 
containing brown and gray sandstone, 
shale, clay, and earthly lignite. 
Ee ull ete ee eee a 
Bearpaw shale. 1,000-1,200 | Steel-gray to black and greenish-black 
marine shale containing beds of bentonite 
and lumpy concretions. 

s,| Judith River forma- 200-500 | Beds of fresh and brackish water origin 

5 ||) tions containing sandstone, sandy shale, and 

Bh gypsiferous and lignitic clay. 

s 

5 Claggett shale. 430-650 | Dark-gray to brownish-black marine shale 

Upper Cretaceous. g containing beds of bentonite and yellow 
= calcareous concretions. 
ee 120-220 | Massive beds of white to buff sandstone and 
SI Eagle sandstone. sandy shale; Virgelle sandstone member 
2B at base. 
=) 

Colorado shale. 1,740-2,080 | Dark-blue to black marine shale containing 
beds of bentonite, caleareous concretions, 
sandy shale, and sandstone. 

Lower Cretaceous Kootenai formation. 450-500 | Nonmarine red and green shale, sandstone, 
and nodular limestone. 
Lower Cretaceous(?). | Morrison (?) formation. 200-300 3 Variegated shales, lenses of sandstone, and 
bate eS thin limestone beds. 
Upper Jurassic. Ellis formation. 150-1,300 | Marine sandy limestone, calcareous sandy 
shale, and sandstone. 
Pennsylvanian. Quadrant formation. 1,288-1,670 | Beds of marine and nonmarine red and 
black shale, limestone, and sandstone. 
‘ E Mississippian Madison limestone 1,950 | Massive and thin-bedded marine limestone. 
N 
ES 300 | Conglomeratic limestone with flat pebbles. 
x Cambrian. 750 | Mainly greenish micaceous shale. 
75 | Coarse sandstone with layers of quartz 
conglomerate. 
Pro- | Al Q Q : 5 
3 oe un (Belt ser. +200 | Dark limy shale. 
Zoic, 


* After Reeves, Frank: U.S. G. 8S. Bull. No. 786, p. 48, 1827, 


} Thickness exposed. 
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continent. In western and central Europe all of the common types 
of sediments were laid down. In the southern portion of the conti- 
nent, limestones were abundant. 

Lower Cretaceous Oil.—There is little to indicate that the Lower 
Cretaceous was very favorable to the deposition of oil source beds 
although the excellence of some of the beds as reservoirs of oil is 
unquestioned. The Comanchean or Lower Cretaceous of the Tuxpam- 
Tampico embayment is without a doubt the greatest of the productive 
areas of this age. The oil is found in the highly fractured and water 
ehanneled upper surface of the Tamasopo limestone. It is believed 
to have originated in the San Felipe formation of the Upper Creta- 
ceous, which hes immediately above the Tamasopo limestone. In the 
Madill pool in Marshall County, Oklahoma, production is obtained 
from the Trinity sand at the base of the Lower Cretaceous. The ori- 
ein of the oil is not definitely known, but Hopkins, Powers, and 
Robinson? suggest that it was derived from the tilted and eroded 
Carboniferous strata which lie below the Trinity sand. The same 
horizon is believed to yield the deep oil of the Pine Island pool in 
northwestern Louisiana. At Luling, in Caldwell County, in south- 
western Texas, the Edwards limestone of the middle of the Lower 
Cretaceous is an important producing horizon. The development of 
these horizons in Texas and Louisiana is retarded by their depth and 
the covering of only partly conformable strata which lie above them. 
As in Mexico the Lower Cretaceous beds do not appear to be of the 
type that can be considered as the source of the oil. They are excel- 
lent reservoirs, however. 

In the Sunburst pool of Montana, some oil is produced from the 
base of the Kootenai formation. This is the only area in which pro- 
duction is being obtained from this formation. The Morrison forma- 
tion in Wyoming is also the source of some oil and is believed to be of 
Lower Cretaceous age. The Lakota formation lying near the top of 
the Lower Cretaceous is an important source of oil in the same state. 
Oil in these beds may have been derived from beds of the same age or 
from those laid down in the Upper Cretaceous. 

Upper Cretaceous.—The close of the Lower Cretaceous in North 
America was dominated by the development of the great central moun- 
tain belt of the Rocky Mountain Cordillera. The belt extended from 
Alaska to Central America and uplifted the whole of the western por- 

1 Hopkins, O. B., Powers, S., and Robinson, H. M.: U. 8. G. 8. Bull. 736, 
p. 29, 1922. 
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tion of the continent. From that time onward the waters of the 
Pacific were separated from those of the Gulf of Mexico, the Arctie, 
and the basinal Coloradic geosyncline which connected them. After 
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Fig. 18.—Generalized Seetion of the Cretaceous as present in the Panueo 
District of Eastern Mexico. After Trager, Earl A.: A. A. P. G. Bull., Vol. 10 
p. 672, 1926. i a 


the middle of the Upper Cretaceous, incursions of the Pacifie were 
limited to the invasion of intermontane valleys. During the first half 
of the Upper Cretaceous, the trough between the coastal islands and 
the Central Cordillera was renewed and extended from Alaska to 
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southern California. Sandstones and shales were deposited in large 
amounts, and locally some conglomerates and coal beds were laid down. 
The area was uplifted before the end of the Cretaceous and subjected 
to wide-spread erosion. 

The dominating event of Upper Cretaceous time in North America 
was the flooding of the broad Coloradie geosyncline by the waters of 
the Gulf of Mexico and the Arctic Ocean. This occurred early in the 


Fig. 19.—Great Rocky Mountain and Narrow Pacific Geosynclines, and Gulf 
of Mexico Overlap of Early Upper Cretaceous Time in North America. Shading 


indicates areas of greatest subsidence. After Schuchert, C.: Geol. Soe. Amer. 


Bull., Vol. 34, p. 228, 1923. 


period when the waters formed a more or less continuous body of 
water from Minnesota to Utah. In the basin of the Gulf of Mexico, 
the eastern portion of Mexico, including Yucatan, was submerged ; and 
the waters entered the Mississippi Valley as far north as the southern 
portion of Illinois. 

The deepest portion of the Coloradic syncline was that nearest the 
Central Cordillera. These mountains supplied the vast amount of 
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TABLE 36.—GEOLOGIC FORMATIONS OF THE COASTAL PLAINS OF TEXAS WITH 
* 
PARTICULAR REFERENCE TO THOSE WEST OF THE BRAZOS RIVER. 


marks, 


Series Formation EN ee oe Characteristics 

Recent — 0-60 Fluviatile, flood plain, beach and 
dune deposits. 

Pleistocene Beaumont clay —|800—900 Blue calcareous clays with nodules 
of lime and lenses of sand and 
sandy clay, terrace deposits inland. 

Lissie gravel 493-1020 Coarse gravels, inland represented 
by terrace deposits. 
Uncon/|formity. 
Pliocene(?) Reynosa 560-1505 Limy conglomerates and lime- 
formation stones. Inland, upstream deposits 
known as the Uvalde formation. 
Uncon|formity. 

Pliocene Lagarta clay 346-647 Light colored or mottled pink 
and green clays with numerous 
lime nodules, stained heavily with 
manganese in places. 

Lapara sand 75-455 Interbedded sands and clays. 
Uncon|formity. 
Miocene Oakville 180-603 Gray sandstones, caleareous in 
sandstone part with clay lenses. 
Uncon|formity. 

Oligocene Catahoula 0—1200 Sandstones and clays with fossil 

sandstone wood. 

Kocene Frio clay 235-705 Clays with lime nodules, marls, 
beds of voleanic ash. 

Fayette 480-800 Sands and clays, silicified and 
sandstone opalized wood, lignite, and volcanic 
ash. 
Yegua 475-1049 Clays, shell beds, sands, lenticular 
8 formation lignite beds, selenite plates in clays. 
£ | Cook 520-865 Greensands, greensand 
2 Mountain iron ore, lignite, clay, sandstone. 
E formation 
Fs Mount 640-820 Sands, thin seas of iron ore, 
O} Selman lenses of lignite and clay. 
formation 
Unconflormity. 
Eocene S Races 300-800 Coarse sandstones, fine micaceous 
& sandstone sandstone. 
i Unconformity 
& | Indio {350-840 Sandstones, clays, sandy clays, 
= | formation lignites. 
Midway 260-566 Marine clays and limestones. 


formation 
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TABLE 36.—Continued. 


Characteristics , 


Series Formation ee 
Unconf|ormity. 
Gulf or Upper | Navarro 400-500 
Cretaceous formation 
Taylor Marl 475-1150 


Austin Chalk 276-600 
Eagle Ford shale. | 25-260 


Unconflormity.t 


Comanche or Buda 0-80 
Lower limestone 
Cretaceous 2 
& | Del Rio clay | 30-200 
oS 
4 
s 
e 
Georgetown 15-150 
limestone 
Edwards 250-835 (?) 
-) limestone 
SG) 
a 
44 Comanche 60 + 
S| Peak 
3 limestone 
& | Walnut clay | 25-200 


Glen Rose 300-600 
limestone 


ao iravis Peak {250-300 
sand 


. Trinity Group 


Bluish black marls and glauconitic 
clays, clays with siderite and limon- 
ite, sands with calcareous concre- 
tions. West of Bexar County re- 
placed by Escondido -formation 
with sandstones, clays and lime- 
stones. 

Blue calcareous clay marls. West 
of Bexar County replaced by the 
Anacacho limestone. 

Impure chalk with thin marl beds. 

Laminated petroliferous shale and 
thin beds of arenaceous laminated 
limestone. 


Whitish or yellowish cavernous 
heavy bedded in upper part, thin 
bedded in lower part. 

Greenish-blue laminated clay, in 
places gypsiferous. Contains thin 
slabs of shell breccia and near top 
thin layers of arenaceous limestone. 

Grayish marly limestone with 
intercalated marls and shales. 

Hard white limestone, cavernous 
at some horizons. Contains many 
dark, irregular flint nodules in 
certain layers. 

Heavy-bedded white marly lime- 
stone. 


Marly laminated yellow clays 
and thin limestones. 

Limestone with three or more 
notably sandy or cavernous hori- 
zons. 

Chiefly sand or sandstone, with 
bands of arenaceous limestone and 
conglomerate. 


— 


Prof. Paper No. 126, pp. 20-238, 1924. 


* Adapted from a more detailed section given by Alexander Deussen: U. S. G. S. 


+ The formations below the Eagle Ford do not outcrop in the Coastal Plain but 
show at the surface in the hills to the north. Im the region to the northeast of the 
Brazos River the Eagle Ford shale rests upon the Woodbine sand but southwest of the 


river the Woodbine is not known. 
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material needed to produce the thick series of shales and sands which 
characterize the syneline. As the period advanced, the seas retreated 
with the formation of fresh and brackish water deposits and coals 
along the borders of the remaining seas. In the last part of the 
period all that remained of the syncline was a fresh water lake oceu- 
pying parts of the Dakotas, Montana, and southern Saskatchewan. 

The name Cretaceous is derived from creta meaning chalk. Chalk 
beds are of great thickness in formations of this age in France and 
England and have given their name to the period. Such beds were 
not formed in the Coloradic geosyncline, but marls and chalks are 
common in the Upper Cretaceous of Texas. At the base of the Upper 
Cretaceous beds lies a thick and prominent dark bituminous shale, the 
Eagle Ford formation. In eastern Mexico the lower portion of the 
period was largely one of lime deposition. Shales were present, how- 
ever, and distinctly black types predominate in the late Upper Creta- 
ceous. The extent of the area of submergence steadily increased 
throughout the period in the eastern Gulf states and on the Atlantic 
Coastal plain. 

The Cretaceous period in North America ended with the Laramide 
Revolution. This caused the elevation of the Rocky Mountain Cor- 
dillera to a form not very different from that which it now has. Vol- 
canic eruptions accompanied the rising of the mountains. A sympa- 
thetic vertical uplift of moderate extent occurred in the Appalachian 
area. 

Cretaceous in Other Continents——The invasion of central and 
southern Europe initiated during the Lower Cretaceous continued 


TABLE 37.—GEOLOGICAL FORMATIONS OF THE ComopoRO RIVADAVIA AREA, 
SOUTHERN ARGENTINA.* 


Quaternary: Tehuelchean pebble beds. 
Aruecanian sandstones, clays, ete. 
Tertiary: Marine Patagonian formations (sand, clay, tuffs, ete.). 
Unconformity. 
Mammalian beds (white and greenish-yellow sandy clays). 
Unconformity. 
Cretaceous: Upper Cretaceous. 
Salamanquean (Danian) formation (greenish-red and black clays) 
containing upper oil horizon at the base. 
Unconformity (?). 
Senonian (gray-blue sandy clays and oil sands). 
Variegated Sandstones (‘‘ Areniscas Abigarrados’’). 


* After Hunter, Campbell: Inst. Pet. Tech., Vol. 10, p. 888, 1924. 
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through the Upper Cretaceous. Limestones and chalks indicative of 
clear if not deep waters were widely deposited. The greater Mediter- 
ranean or Tethys, which had divided the lands of Europe and northern 
Asia from the lands to the south for many periods, began to decrease 
in size and in part to turn into an area of emergence. The uplift of 
this area of long continued deposition was accompanied by rapid dis- 
integration of the continents to the south. The Late Cretaceous of 
southern Asia and of northern Africa was a period of tremendous 
black faulting and voleanic disturbance. The uplift of southern Asia 
and the Tethys area was accompanied by shallowing of the waters in 
Europe and the deposition of some oil source beds. 

Upper Cretaceous Oils.—Unlike the earlier periods, production 
from Cretaceous horizons is not limited to North America but is 
obtained in considerable amount from South America and the Old 
World. In the Old World the Cretaceous horizons are not comparable 
in importance with the Tertiary beds which overlie them. In Egypt 
a heavy oil is taken from the top of the Nubian sandstone of the Upper 
Cretaceous. A part of the minor production of Italy is considered to 
be of this age. The deeper oil of Galicia is of Cretaceous derivation, 
but the greater part of the oil comes from Tertiary beds. Seepages 
occur in middle Cretaceous limestones in Algeria. 

Less is known about the horizons of the Cretaceous in other conti- 
nents, but production of oil is being obtained from them in several 
places in South America. In Comodore Rivadavia unconsolidated 
sands yield a heavy oil. The oldest and lightest oils of Trinidad come 
from Cretaceous beds. Oil-bearing shales and sandstones of this age 
are known to extend into eastern Venezuela. These are probably 
closely related to those in Trinidad. The Los Infantas Pool in 
Colombia produces from Eocene sandstones, but they overlie a series 
of Upper Cretaceous shales and limestones. These are bituminous in 
character and are considered by some te be the source of the oil. In 
Mexico, while the main producing horizon is the Comanchean lime- 
stone, the San Felipe shales and limes of the Upper Cretaceous not 
infrequently produce on a large scale. This is particularly true where 
the shales are fractured and fissured. The shales are undoubtedly the 
source beds of the oils which are found below them. 

Production from the Cretaceous is wide-spread in the United 
States. The deepest producing horizon at Coalinga in the Valley 
Field of California is of Cretaceous age. It is not an important hori- 
zon compared with the Tertiary beds, however. Cretaceous beds 
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form the most important producing horizons of the Rocky Mountains. 
They yield oil and gas in the San Juan Basin in northwestern New 
Mexico, at several points in Colorado, eastern Utah, and Montana, and 
are the source of the bulk of the oil produced in Wyoming. The Col- 
orado formation, which contains some of the most important oil hori- 
zons and overlies others, embraces several dark shale beds from which 
the oil undoubtedly was derived. 

With the exception of small amounts of oil now being taken from 
the Lower Cretaceous and the Eocene, all of the oil and gas produced 
in northern Louisiana, southern Arkansas, and the Stratum belt of 
Texas, comes from beds of Upper Cretaceous age. The series also 
contains suitable source beds. 

The Mesozoic as an Oil-yielding Era.—The conditions underlying 
the deposition of the oil-bearing sediments of the two Cretaceous 
periods bear many points of resemblance to those existing during 
Paleozoic deposition in the Hastern and Mid-Continent areas. In the 
eastern half of the Coloradie Sea, broad open waters were probably 
in existence, but the previous history of the mountain building move- 
ments in the western half leads to the conclusion that deposition was 
carried on in a series of more or less connected basins of relatively 
limited individual extent. Between the emergent islands, sediments 
which were at least in part derived from their erosion, were deposited. 
Thus, while in a general way the formations within one of these basins 
conform with those of the others, the exact position of the source beds 
and reservoir rocks is not the same. The non-existence of later moun- 
tain building movements is not suggested, but the importance of pre- 
vious topography upon the manner of deposition should be stressed. 
In the uphfts and crustal movements following the deposition of 
Cretaceous beds, the centers of crustal movement would probably be 
those which had been centers of previous uplift. The synclines, from 
around whose rims the bulk of the oil has come up to the present, are 
in part synclines resulting from post depositional uplifts, and in part 
from the form which they had during the period of deposition. 

Except in unusual cases, the Cretaceous strata throughout the 
world have not been subject to dynamic metamorphism to the same 
extent that the Paleozoic or even the early Mesozoic have. In the 
search for oil it is not necessary to limit the areas of search to zones 
of broad gentle folds to the extent that is necessary in the Paleozoic. 

The importance of the Cretaceous as an oil producing horizon con- 
trasts strongly with the small yield of the Triassic and Jurassic. In 
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Europe the small amount of oil in the Jurassic may be considered as 
due in part to escape from highly contorted and fractured beds. In 
North America and possibly in other continents the searcity of oil 
Seems to indicate the existence of conditions unfavorable to the dep- 
osition of source beds. 

Cenozoic Conditions.——-While the length of the Cenozoie was 
considerably less than that of any of the eras which preceded it, its 
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Fig. 20.—Paleogeographic Map of North America during the Miocene. After 
Miller, W. T., adapted from Willis, Bailey: Historical Geology, p. 295, 1916. 


present importance as an oil producer is greater than any one of them. 
It has been divided into the following divisions: Paleocene, Eocene, 
Oligocene, Miocene, Pliocene, Pleistocene and Recent. This extensive 
division of a time interval of comparatively short duration, and the 
use of division names, which are at best only of continental applica- 
tion, is not entirely satisfactory. The term Paleocene has very largely 
been given up, and its deposits considered as the basal portion of the 
Eocene. The United States Geological Survey considers the calling 
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of the divisions, Eocene, Oligocene, Miocene, and Pliocene epochs as 
justified, and their grouping together as the Tertiary period as ad- 
visable. Pleistocene and Recent are handled in the same way, be- 
coming epochs in the Quarternary period. There is also wide-spread 
use of the divisions upper and lower, or early and late Tertiary. 
The latter usually includes the Miocene and the Pliocene and is fre- 
quently called the Neogene. The early Tertiary includes the Oligo- 
cene and Eocene and is referred to as the Eocene, Paleogene, and 
Nummulithie as well as early Tertiary. 

North American Tertiary.—The coast of North America had 
much of its present form during the whole of the Tertiary. In the 
Eocene epoch, the Pacifie waters invaded the Valley of California, 
lying between the Coast Ranges and the Sierra Nevadas. They also 
formed an epicontinental shelf sea in the area of Puget Sound. There 
was a similar overlap of the Gulf of Mexico and the Atlantic Ocean 
upon the low-lying coastal areas of Yucatan, eastern Mexico, the Gulf 
states, and the Atlantie states from New Jersey southward. In Cal- 
fornia, the Eocene was largely a period of sandstone and conglomerate 
formation, but in the Gulf area sandstones alternated with shales. 
Some were of dark color, some were of fresh water character and 
contained lignites, and others were of marine character with no evi- 
dence of organic matter in them.. In the Great Plains of the western 
states, great bodies of continental deposits of lake and piedmont char- 
acter were laid down. Except as they formed porous reservoir rocks 
in which oil might accumulate, they were not generally favorable to 
the accumulation of oil. In western Wyoming, western Colorado, 
and Utah, the Green River kerogen or oil shales were laid down in a 
body of fresh or only slightly salty water. Whether it was a body of 
water lying at sea level and connected to the sea by a comparatively 
long and narrow strait, or an elevated basin with a flowing outlet, is 
not known. The conditions of deposition of the shales were probably 
somewhat different from those surrounding the deposition of black 
shales in earlier periods. 

The record of the Oligocene in North America is, with the excep- 
tion of the area of the West Indies, largely one of emergence and 
retrogression of the ocean waters. If Oligocene strata were deposited 
in California, they were restricted to sands and boulders. In the 
Gulf states shallow water sands and clays are found interbedded with 
one another. 

The Miocene of the Gulf area was largely a continuation of the 
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Oligocene. Deposition was restricted to the southern Gulf and south- 
eastern Atlantic coastal states. Mexico and the West Indies were 
above the water line throughout most of the epoch. While there was 
no more marked horizontal extension of the seas upon the continent in 


TABLE 38.—GENERALIZED STRATIGRAPHIC COLUMN oF RocKS IN THE LOS ANGELES 
BASIN, CALIFORNIA.* 


Geologic Age Formation Thickness Litholozy 
Recent Alluvium and terrace materials. 
Unconformity 
DIRetORene San Pedro group 500+. Sands and gravels (partly marine). 
— |__| Unconformity ———————_ 
Saugus | 1.4002 Conglomerates, sands, and blue clays 
formation tS (partly an ' 
A Mneonformity ——————— 
Pliocene Fernando group ; ; Sands and blue, brown and gray sandy 
Pico formation 5,600 shales. Locally conglomeratic (chiefly 
go Pre ae marine). 


Unconformity ——————_ 
Diatomaceous shales with local sandstones 
and thin, brittle, calcareous layers 
: Done (marine).—Intrusive basalt and diabase. 
Miocene pe 3,200 —Heavy-bedded sandstones with inter- 
Iontere vieton bedded sandy, siliceous, and diatoma- 
P ceous shales, and locally a basal argilla- 

ceous lens (marine). 


—— Vaqueros 1,000-+ Coarse, massive sandstones; locally con- 
Oligocene (?) formation s glomeratic (chiefly marine). 

Unconformity ———————- 
Pre-Cretaceous Dark, micaceous schist intruded by 
granite. 


* After Haton, J. H.: A. A. P. G. Bull., Vol. 10, p. 755, 1926. 


the Miocene than in the earlier epochs, this time was one of tremen- 
dous subsidence in the depositional areas in southern California and 
the region of the Gulf of California. In the first area a thick series 
of sands and conglomeratic material was deposited. This was fol- 
lowed by the deposition of thick beds of diatomaceous shales, known 
commonly as the Monterey shales but having several local names. 

During Pliocene time California was elevated above sea level. 
Lower California, however, remained below the level of the water. 
The coastal plain around the Gulf of Mexico was partly covered with 
water from the vicinity of Yucatan to Alabama. 

The Tertiary in Other Continents—While there is reason to be- 
lieve that Tertiary history in South America resembled that of North 
America in restriction of waters to basinal areas in close proximity to 
the coast, such was not the case in Hurope, Asia, and Oceania. In 
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these areas submergence began on a large scale early in the period. 
Much of southern and eastern Europe was submerged. The seas 
were not confined to that continent but spread northeastward into 
Asia to join with the Arctic and eastward as far as northern India. 
The Lower Tertiary is widely known as the Nummulithic, because of 
the great thickness of limestone deposits formed from the shells of 
nummulites, a species of foraminifera. Previous to this, wide areas 


Magdalena formation. Red and yellow sands and coarse faa 


Pleistocene : : c 
2 : | glomerates, probably of lacustrine origin, Unconsolidated. 0-100 
orlatest ft. thick. 


Tertiary 


Oponcito formation. Soft sandstones and clay shales. Reddish 
and bright-colored grading into gray sands at the bottom. 8000 ft. 
thick or more. 

Fossils infrequent. 

Tertiary 


Oi) production from near bottom. 


- La Paz sandstone series. Massive hard quartzitic sandstones. 
Cliff forming. 1000 ft. thick. 


Umir coal series. Gray shales and coals, thinning to the west. 
Interbedded sandstone. 2000 ft. thick, Oil seeps from outcrop. 


Chureurri slates and shales, Carbonaceous and oily at the out- 
crop. 1000 ft. thick, 


Cretaceous F 


Palmira imestone. Cherty limestone, weathering white in cliffs. 
Carbonaceous at times on fresh outcrop. Fossiliferous. Many 
large ammonites. 500 ft. plus. 


5 = Fossiliferous black slate and limestone. 
Jurassic(?) Petroliferous at the outcrop. 


Fic. 21,—Generalized Stratigraphic Section in the Eastern Magdalena Valley 
of Colombia, between the Carare and Sagamosa Rivers. After Huntley, L. G., and 
Mason, Shirley: A. I. M. E. Trans., Vol. LX VIII, p. 1017, 1923. 


had been carried below the surface of the ocean to form island dotted 
seas in the Hast Indies, the Philippines and the Japanese Archipelago. 
Reemergence, especially in the East Indies, probably began during 
the early parts of the Tertiary. The uplifted areas formed the 
source of the sediments which were laid down in the later parts of 
the period. The uplifts were characterized by intense folding, fault- 
ing, and voleanic activity. 

In Europe, the Oligocene epoch was one of rapid shallowing and 
shrinkage of seas, especially in the western and northern areas. In 
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southern Europe uplift was not so evident; but the development of 
Carpathian, Balkan, and Caucasus ranges, occurred partly at this 
time. Oligocene mountain building was apparently prominent in 
southern Asia also. The wide-spread orogenic movements of the 
epoch must be considered as of major importance in the shallowing of 
waters and preparing the way for the deposition of the source beds 
of petroleum which were laid down over wide areas during the Mio- 
cene, 

Except for the fact that its areas of deposition were, like those of 
the Cretaceous in North America, interrupted by numerous islands 
of recent uplift, the extent of the Miocene of the Old World was ap- 
proximately that of the Eocene. The sediments, however, were en- 


TABLE 39.—GENERALIZED GEOLOGIC SECTION IN VENEZUELA.* 


Age a ei gine Formation Character at Type Locality 
Quaternary Llanos Massive, poorly sorted, soft, colored, 
300 + formation coarse sandstones and mottled white clays. 


Much iron oxide. Flat lying. Type local- 
ity, southern Monagas and Anzoategui. 
Unconf|ormity. 
Pliocene Maracaibo Massive, cross bedded, poorly sorted 
1000 + formation sands and clays, much iron oxide. Type 
locality, around Maracaibo City, Zulia. 
Unconf|ormity. 
Miocene Arimpia Alternating massive, brown and red, 
8000 + formation coarse, soft sandstones and white to brown 
clays, ferruginous. Lower part, clays more 
shaly and sandstones more laminated. 
Brown, sandy shales. Type locality, south- 
western Perija, State of Zulia. 
Las Lajas Fairly hard, well-bedded, calcareous, fer- 
formation ruginous, brown sandstones, dark brown, 
sandy shales, dark brown shales, thin beds 
lignite and bituminous coal. Type locality, 
Las Lajas, State of Falcon. 
Unconf |jormity. . 
Oligocene Rio Raya shale Dark gray and brown shales, limonite and 
5000 = pyrite concretions, conchoidal fracture. 
Type locality, Raya River in Northeastern 
District of Sucre, State of Zulia. 
Churugarita Massive gray formaniferal limestone. 
limestone Type locality South Central Miranda, Zulia. 
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TasBLe 39.—Continued. 


Age and BA aed Formation Character at Type Locality 
in Feet 


Minor un |conformity. 
Eocene Bocorron Massive, coarse, conglomeratic, white to 
4750 + sandstone brown fairly hard sandstone. Some shale 
at bottom. Type locality, Bocorron, State 
of Trujillo. 
La Rosa coal Alternating beds of fairly hard, coarse, 
measures massive, brown sandstone; brown sandy 
shales and brown to black shale. Thick 
bituminous coal beds. Type locality, La 
Rosa coal mines, western Mara and Paez, 
State of Zulia. 
Rio Guasare Alternating beds of hard brown sand- 
formation stone, black slaty shales and thin, hard 
brown, fossiliferous hmestones. 


Unconf|ormity. 


Cretaceous Guanoco shale Dark gray to black, fossiliferous lmy 
6000 + shale. Type locality, Guanoco, State of 
Sucre. 
Guacharo Massive gray crystalline, fossiliferous 
limestone limestone. Type locality, Guacharo, State 
of Monagas. 
Punceres _ Lower part massive, dark brown to red, 
sandstone coarse hard sandstone. Upper part alter- 


nating beds of same sandstone with black 
shale and dark gray livestone. Type lo- 
cality, Punceres, State of Monagas. 


* Adapted from Garner, A. Hamilton: Suggested Nomenclature and Correlation of 
the Geological Formations in Venezuela, Pet. Dev. and Tech. in 1925, pp. 677-684. 


tirely different, shales and sandstones replacing the Nummulithie 
limestones. Among the shales in all of the producing areas are beds 
having the characteristics of petroleum source beds. 

Late Miocene brought the deposition of such beds to a close in 
practically all of the areas in which they were laid down. It was 
a period of marked uplift in the Alps, the Caucasus, the Himalayas, 
and other mountain systems of southern Europe and Asia. In the 
Far East island areas deposition continued much longer. 

Tertiary Oil—A limited amount of oil is obtained in California 
and Wyoming from strata which are considered to be of Eocene age. 
Some oil is obtained in the Eocene of southwestern Texas. In Italy 
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TABLE 40.—GEOLOGIC SEcTION—SOUTHWEST PERSIA. 


Recent Deposits—High gravels, silts, and alluvial fans. 


Pliocene: Bakhtiari Series—Massive conglomerates, loose sands and clays, 
maximum thickness up to 15,000 feet. 

Miocene: Fars Series—-Upper—Thick calcareous sandstones, red marls, and 
shales, and a little veined gypsum, several thousand feet in 
thickness. 


Lower—Sandy detrital limestones, caleareous sandstones, 
blue and red shales, and occasional beds of gypsum. Varies 
from a few hundred feet to more than 2500 feet in thickness. 

Lower—Bedded gypsum with intercalated red and blue 
shales and marls, salt, anhydrite, and occasional beds of 
detrital and secondary limestones. Varies from relatively thin 
beds up to 5000 feet or more. 

Ps smari Limestone Series—Massive to thickly bedded, hard, com- 
pact, brown or gray brown, formaniferal limestone containing 
porous dolomitic sections in the upper part, locally some gyp- 
sum, and hard calcareous shales near base. Up to 2200 feet 
in thickness. The porous dolomitie section is the chief oil 
container. 

Eocene: Spatangid Shales—Bluish green splintery shales containing beds 

of fine grained argillaceous limestone. 250: feet, approximate. 
Upper Thin Bedded Limestones—Thin bedded limestones with 
shale bands, up to 1600 feet thick. 

Eo-Cretaceous: Blue and Purple Shales—Non-fossiliferous shales, 1200 feet thick. 

Cretaceous: Lower Thin Bedded Limestones—Limestones intercalated with 

fissile purplish blue shales toward summit, up to 1200 feet. 
Dash-i. Gul or Siah Kuh Limestone—Massive limestones. 


Oligocene: 


* Mainly after Richardson, R. K.: The Geology and Oil Measures of Southwest 
Persia, Inst. Pet. Tech. Jour., Vol. 10, pp. 256-296, 1924. 


it is a minor source of production. It forms an important horizon in 
Galicia. The production of Peru and some of the oil from Colombia 
is considered to be of this epoch. Some of the wells in the Isth- 
muthian area of Mexico tap horizons of Eocene age. 

The Oligocene is productive in a small way in California and 
Wyoming. Some of the seepages and non-commercial wells in Colom- 
bia show oil in strata of this age. It is a substantial producer in 
Texas and Louisiana. It is of major importance as an oil horizon in 
parts of Galicia, Roumania, and Russia. 

Pliocene is an epoch of little importance as a producer of oil. 
While it has been identified as a producing horizon in California, 
the Gulf area of Texas, Trinidad, Italy, Roumania, and Sumatra, it 
is of much less importance than the beds that lie below it. These are 
generally of Miocene age. Miocene strata are largely shales and 
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sands, the latter being the oil containing beds. Such beds yield the 
bulk of the oil in California,- Venezuela, Trinidad, Barbadoes, Rou- 
mania, southeastern Russia, Burma, Japan, and the East Indies. 
They are important sources of oil in southern Texas and Louisiana, 
Galicia, and Egypt. In Persia, the oil, while of Miocene origin, is 
obtained from underlying porous limestones instead of sands. 


TABLE 41.—SECTION OF APSHERON PENINSULA, RUSSIA.” 


Stage Formation cee a Lithological Character 
Coastal deposits of | 5-10 Sands, clay, and shell frag- 
present Caspian extend- ments. 
ing to 10 m. above pres- 
ent sea-level. 
Older Caspian deposits 14 Sands, clays, boulders and sheil 
@ forming conglomerates conglomerates. 
5 i at a height of 12 and 26 
Sl eee m. and reaching to a 
oe 5 height of 34 m. above 
& present sea-level. 
po Aralo-Caspian Terraces | 3-6 Limestones, sands with boulders 
at a height of 96 and and conglomerates. 
186.5 m. (beds not dis- 
turbed). 
a Bakunian (disturbed). 46 Limestones, sandstones, sands, 
z clays and conglomerates. 
= Apsheronian. 453 Limestones, boulder limestones, 
= oolites, shell beds, sandy lime- 
stones, calcareous sandstones, 
sands, marls, sandy clays, and 
clays; limestones predominate in 
the upper beds, sands in the 
2 middle, and clays in the lower; 
go | the thick clay series (110 m.) con- 
aS 4 tain layers of tufaceous sands at 
os base. 
Pontian (?). 76 Dark colored clays interbedded 
with sand and marl; contain gas 
g at Bibi-Hibat. 
8 Transition beds. ites Dark clays with interbedded 
gas sands; sands gas bearing at 
Bibi-Eibat. 
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TABLE 41.—Continued. 


Stage Formation iielneas Lithological Character 
Akchagylian. 49.4 Dark colored clay shales and 
shaley clays interbedded with 
H limestones and white tufaceous 
S sands; the sands are gas and oil 

=) containing in Bibi-Eibat. 
Fresh water formation. | 490 Clays, sandy clays, sands with 
clay and sand; clays predominate. 


Unfossiliferous series: 


% First series, sand oil | 434 Sandy clay series; sands pre- 
2 = | bearing at Bibi-Eibat. dominate. 
9 | = > Second series, sand oil} 185 Sands and sandstone with inter- 
= 1 A bearing in Yasmal Val- bedded clays. 
a ley. 
Break in the series un- 
til the Spirialis beds. 
; | Spirialis beds. 98 Siliceous, calcareous and sandy 
clay rocks with interbedded ferru- 
a ginous sandstones; in places oil 
S bearing. 
cS Cedroxylon beds. Dark colored, laminated shales 
with concretions of siliceous 
sandy rocks. 
Amphisyle beds. Shales, dark, and chocolate 
‘~ | colored, weathering yellow. 
ea Lamna beds. Green, sandy clay shales with 
& 4 interbedded siliceous sandy rocks 
° and white marls; oil bearing in 
places. 


* After Golubiatnikov as given by Thompson, Beeby and Madgwick, T. G.: A. I. M. li. Trans., 
Vol. LXV, pp. 22-238, 1921. 

Quaternary Horizons.—While Quaternary deposits are common 
in many parts of the world, they are rarely containers of oil. Their 
extreme youth and highly unconsolidated and unaltered character are 
not favorable to the formation of oil from the source materials which 
might have been deposited. Further limitations are raised because 
of the conditions under which they were deposited. Pleistocene is 
better known as the Glacial period. Its deposits, covering all of the 
northern portions of North America, Europe, and Asia, reflect that 
condition. In unglaciated areas Pleistocene deposits are usually con- 
tinental in character; that is, made up largely of piedmont, fresh 
water, lake, arid basin, fluviatile, and delta deposits. Where deposits 
were laid down along the coast, they were largely laid down in oscil- 
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lating seas in which periods of emergence have brought aerial decay 
and leaching of the organic matter. If they contain oil today, it is 
probable that the oil came from lower horizons. 

Tertiary as a Container of Oil—The outstanding characteristic 
of the basinal areas in which Tertiary oils are found is their close 
conformity with present topographic forms. Except in the Near East 
the producing areas are found in basins that are immediately tribu- 
tary to the oceans. In that area the basins in which the oil is found 
are closely related to arms of the sea still in existence. The differences 
between the producing beds and those of earlier age are marked. 

Limestones are not commonly the containers of oil. This is char- 
acteristic of near shore deposition in small but marked basinal troughs. 
Because of their age, the beds are largely unconsolidated. Oils are 
commonly of low grade. The productive areas are characterized by 
folds of major size and are associated with large faults. Seepages 
are common, but the loss of oil through seepage has not reached such 
proportions as to destroy the value of the rocks as oil containers, as it 
has in similarly folded and faulted rocks of Jurassic age. Surface 
waters entering the oil containing horizons have caused greater altera- 
tion than in the oils of older ages. The position of the oil and gas in 
rocks of the Tertiary in most of the productive areas suggests that 
they would not have been preserved through future geologic time as 
the Paleozoic oils have been in the past. 
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CHAPTHR VIT- 


PETROLEUM RESERVOIR ROCKS. 


The existence of rocks suitable to perform the function of storing 
the oil and gas is only slightly less important to the accumulation of 
petroleum than the presence of suitable source beds. The existence of 
the reservoir is determined partly by the physical properties of the 
rocks themselves and partly by the attitude or inclination of the 
rocks. The latter will be considered in later chapters. 

Containers and Retainers.—The rock may be considered as per- 
forming one of two functions, retaining or containing. The container 
rock is a highly porous type in which the interstices are such as permit 
the oil, gas, and water, to move freely. It is an ideal medium in 
which the assorting and separation of these substances may take place, 
but is not in itself capable of retaining oil or gas. Although less fre- 
quently mentioned, the dense non-porous retainer rocks, which prevent 
the escape of oil, gas, and water from the container rocks, are no less 
important. 

The division of rocks into container and retainer types depends 
solely upon their porosities. The porosity of a rock may be defined 
as the property of containing interstices, or openings. Such openings 
may vary in size from caverns down to subeapillary pores. The ex- 
pression ‘‘high porosity’’ usually indicates an abundance of openings, 
but ‘‘low porosity’? may not indicate the absence of pore spaces as 
much as the lack of openings of sufficient size to permit the storage of 
oil, and later, the extraction of the oil from those openings. 

According to G. FI. Becker,! the interstitial pore space in a sand- 
stone made up of closely packed spherical grains is equal to 25.96% 
of its total volume. C. 8S. Schlieter? has pointed out that porosity is 
not affected by the size of the grains. Thus the porosity of a gravel 
which is composed entirely of perfect spheres, each two millimeters in 
diameter, is the same as that of a silt or clay made of perfect spheres, 
having a grain diameter of 0.05 millimeters. They are not, however, 
of the same porosity as judged from the practical standpoint of the 
oil producer, the first being an excellent container, and the second an 

lL WiWain, 1G Sh (Em Shy WIR teh jos BRIDE ailtelses 

2U. 8. G. S., 19th Annual Report, pt. 2, pp. 305-328, 1899. 
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effective retainer. Such differences can be shown experimentally to 
depend upon the classification of the rock openings, whether super- 
capillary, capillary, or subeapillary. In rocks having large openings 
the movement of water and oil is much like that in water mains, pipes, 
and sewers. It is controlled entirely by gravity. According to Dani- 
ell capillary forces become effective when the diameter of the tube 
through which the water is flowing is reduced to about }5 of an inch 
or 0.5 millimeters. This is considered low by later investigators but 
is indicative of the fact that capillarity is an important force in de- 
termining the movement of liquids in most oil field container rocks. 
For sheet openings the limits are considered to be equal to one half 
of those for tubular openings. 

Capillary Openings—In capillary openings the molecular at- 
traction of the wall of the grain of sand exerts a definite pull upon 
the water or the oil molecule. This is known as the quality of ad- 
hesion. The cohesive attraction of the water molecules for one an- 
other is sufficient to hold them to the molecules that are attracted by 
the sand grains. Liquids are unable to circulate through rocks in 
which the openings are of such types as make these forces comparable 
with gravity in strength. Differences between adhesive and cohesive 
properties of waters and oils have already been pointed out. The 
lower surface tension of oil makes it amenable to gravitational forces 
to a greater degree than water is. Unless unaccompanied by water, 
oil is found only in the portions of the capillary containers having the 
largest openings. Water then enters the smaller pores. Circulation 
through capillary openings demands a force greater than that of eapil- 
larity. The gravitational foree must be considerably greater than 
that of capillarity. Such movement may be accomplished much more 
readily when liquids are hot than when they are cold. Gases are not 
affected by capillary attraction except as their exclusion from pore 
spaces is accomplished by the entrance of liquids which function under 
capillary laws. 

Less is known about conditions in extremely fine openings. Below 
the capillary interstices are openings so small that the attraction of 
their walls extends through the whole of the space between them. 
Retention is dependent solely upon the adhesive properties of the 
wall substance. Water or, in fact, any liquid entering such interstices 
is so firmly held by the force of adhesion that it cannot be moved 
except by pressures unknown in shallow formations, or by conversion 


1 Daniell, Alfred: A Textbook of the Principles of Physics, 2d ed., p. 293. 
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of the liquid into a gas by heat. According to Van Hise? subeapillary 
openings include all interstices of less than 0.0002 millimeters diam- 
eter in the case of tubular openings and 0.0001 millimeter for sheet 
openings. More recent studies have tended to indicate that capillary 
action is capable of extension to even lower limits. However, move- 
ment in such extremely fine openings is probably extremely slow if 
accomplished at all. Such movement does not appear possible except 
under abnormal pressures and temperatures. 

While Schlicter demonstrated that the porosity of masses com- 
posed of perfect spheres is independent of the size of the spheres, this 
is true only when the diameters of all of the spheres in the respective 
samples tested are alike. It does not mean that the pore space of rocks 
composed of spherical bodies of various sizes will equal that of the 
theoretical type. The pore space in such cases may be above or below 
the theoretical 25.96%, according to the proportions of the grains of 
varying sizes present. 

Origin of Openings.—If we consider porosity to include not only 
pore spaces of minute character but all openings, we must include 
cracks, fissures, and cavernous openings. Openings of both large and 
small size may be classified according to their origin into primary and 
secondary types. The first would include all types that were formed 
at the time the sediments or other rocks were deposited. The second 
would include all those that were formed as a result of alteration of 
the rocks derived from those sediments. The causes of variation in 
pore space under these two main headings are as follows: 


Primary causes of porosity : 
1. Shape of constituent particles. 
2. Assortment of constituent particles. 
3. Arrangement of particles. 
4. Degree of cementing during deposition. 


Secondary causes of porosity : 


1. Degree of compacting. 

. Introduction of cementing matter. 

. Solutional action of percolating waters. 

. Shrinkage crack formation. 

. Openings resulting from recrystallization., 

. Openings resulting from stresses due to crustal action. 
7. Openings resulting from surface weathering. 


GS OF BP CO LO 


1A Treatise on Metamorphism, U. 8. G. 8. Mon. 47, pp. 134-146. 
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Shape of Particles——Unlike the perfect soil the grains of sedi- 
mentary deposits are of varying shape. The sand of the beach deposit 
may be well rounded, but that of the piedmont or river ance is usually 
angular. Clay particles, being largely of kaolin, are frequently flat. 
Sand grains, though more or less smoothed off, are seldom perfect 


iS 


Fig. 22.—Diagram showing several types of rock interstices and the relation 
of rock texture to porosity. A, Well-sorted sedimentary deposit having high 
porosity; B, poorly sorted sedimentary deposit having low porosity; C, well-sorted 
sedimentary deposit consisting of pebbles that are themselves porous, so that the 
deposit as a whole has a very high porosity; D, well-sorted sedimentary deposit 
whose porosity has been diminished by the deposition of mineral matter in the 
interstices; E, rock rendered porous by solution; F, rock rendered porous by 
fracturing. After Meinzer, O. E.: U. 8. G. S. Water Supply Paper, 489, p. 3., 
1923. 


spheres. One dimension is normally greater than the others. Depos- 
its of carbonate of lime frequently retain the form of the shell from 
which they were derived. Shell bodies may be nearly round in some 
cases and in others have the general form of a pencil. The greater 
the angularity, the more ornate and irregular the form, the greater 
the removal of the form from block-like or flat character, the greater 
will be the porosity resulting. 

Pebbles are the products of the disintegration of earlier rocks. 
Thus they inherit the characteristics of those rocks. If these rocks 
were highly porous, the pebbles are likely to be also. In considering 
the shape of particles it is necessary to make allowance for their in- 
ternal structure. 

Assortment and Arrangement.—In general the deposit in which 
all of the grains are of approximately the same size has the greatest 
porosity. Small grains materially reduce the pore space of con- 
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glomeratic or pebbly deposits by filling in the spaces between the large 
pebbles. Where the assortment contains grains of irregular form as 
well as different size, this tendency may be neutralized. Arrange- 
ment is also important. Settling in gravel, sand, and coal piles is 
largely traceable to rearrangement so that individual grains wedge 


BLO 


A B (0 
Fig. 23.—Section of four contiguous spheres of equal size. A, Most com- 
pact arrangement; B, less compact arrangement; C, least compact arrangement. 


into each other more closely. Heaped deposits, such as those of the 
delta, the glacial moraine, and the piedmont slope are generally of 
high porosity compared with the more fully assorted and arranged 
deposits of the beach or open sea. 

Simultaneous Cementing.—The introduction of cement into sedi- 
mentary rocks is frequently considered as taking place at a time later 
than their deposition as sediments. Probably this is true in the case 
of the majority of sandstones. Yet in some, deposition and cement 
introduction must have occurred at the same time. The gypsum that 
is precipitated simultaneously with sand and silt in the rapidly evap- 
orating waters of a final basin can hardly avoid lodging between the 
grains and cementing them together. Much of the silica and certainly 
the bulk of the argillaceous matter, which form the cementing sub- 
stance of many sandstones of marine and delta origin, must have been 
precipitated from the colloidal state at the same time as the sand 
grains were laid down. Cementation in limestones cannot have 
lagged much behind deposition because of the ease with which calcium 
earbonate is redissolved and reprecipitated. Similar action may be 
considered as having occurred where sandstones having a lime cement 
are found. 

Later Cementing.—The greater part of the cement present in 
sedimentary rocks of the sandstone type is considered to have been 
introduced by percolating waters after the deposit had been covered 
to some extent. The cements introduced in this way include silica, 
caleium carbonate, and hydroxides of iron. There is a wide range in 
the amount of cement contained in the interstitial spaces of rocks 
even though they are of the same age and general character in other 


respects. 
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In general the older rocks contain considerably more cement than 
the younger ones. However, highly cemented sections are- not un- 
usual in rocks of Tertiary age, and soft uncemented ones are common 
even in the Paleozoic horizons. It need hardly be stated that the 
pore space decreases directly as the amount of cement present in- 
ereases. Effective porosity is materially lessened by cementing. Ce- 
ment may be distributed unevenly through the porous rocks. In such 
cases the cement may be so distributed as to give the impression that 
the whole of the rock is lacking in porosity. It is not unusual for 
wells, drilled in otherwise structurally ideal areas and surrounded by 
producing wells, to strike cement-filled pore spaces and fail to obtain 
commercially recoverable amounts of oil. 

Compacting.—The pore space of many soils is as high as 50%. 
This is largely due to lack of compactness and because many of the 
individual grains are found to be aggregates containing pore spaces 
within themselves. It is not unusual for clays to contain 40% of 
pore space. However, a considerable proportion of that pore space 
is of subeapillary size and its water or other liquid content not re- 
coverable except under conditions not present in oil fields. Shales 
and slates, the lthified and metamorphosed products respectively of 
the alteration of clays, are known as rocks of low porosity. They are 
especially lacking in pores larger than those of the subeapillary type. 
The explanation of this, which appears most logical, is that the flat 
kaolin particles have rearranged themselves to occupy less space than 
they originally did, and that, in the process of rearrangement, the 
flat particles have been placed side by side and the larger spaces 
practically eliminated. 

The conversion of chalks and soft marls into limestones of high 
density may be considered as having been accomplished in much the 
same manner. Tere part of the reduction in the pore space may be 
traced to solution and redeposition as well. 

Solution Openings.—While solution with immediate redeposition 
or deposition from a saturated solution entering the pore spaces of 
a rock are responsible for decrease in porosity, solution may also cause 
increase of the porosity of the rock as a whole. Water is constantly 
moving through the upper sections of the earth’s crust. Its pathway 
is determined by the existence of previous openings in the rocks. 
Fissures, joints, and bedding planes form the only openings suitable 
for such movement through dense and impervious shales and lime- 
stones. Unless the water be saturated and devoid of carbon dioxide, 
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the calcium carbonate of the openings in the limestone will be dis- 
solved and the openings considerably enlarged. 

This constant leaching action, if continued for a sufficient time, 
may result in formation of a honey-combed rock containing openings 
up to the size of caverns. Such solvent action is developed best above 


Fig. 24.—Limestone surface, showing solution channels along joints. Photo- 
graph by A. J. Ellis, U. S. G. S. Water Supply Paper 489, plate VII, 1923. 


the level of the water table; but, as the water level of a previous geo- 
logic period may not be that of the present, solution cavities may be 
found at considerable depth. Their large size and intercommunica- 
tion make possible the concentration of oil by gravity to a much 
greater extent than is common in the finer openings. Recovery is 
much more rapid also. 
Recrystallization The process of dolomitization is closely allied 
to this. The increase in pore space in many limestones is at least 
partly due to this action. Dolomitization is a process of substitution 
of magnesium for part of the calcium contained in the original 
calcite of the limestone to form the calcium magnesium carbonate, 
known as dolomite. The volume of the rock shrinks to the extent of 
about 12% if no addition is made during the process. If, as appar- 
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ently is most commonly the case, the substitution is earried out before 
lithification has taken place, there is no reason to expect that the 
porosity of the limestone of dolomitie character will be materially 
different from that of the pure calcite type. In some cases dolomitiza- 
tion occurs at a time subsequent to lithification. In these the develop- 
ment of joints and shrinkage cracks may be anticipated. Similar 
results may occur during the period of dehydration; but as dehydra- 
tion is largely accomplished at the same time as lithification, it is 
probable that comparatively little pore space is developed. Shrink- 
age in volume through cooling is of major importance in igneous rocks 
and those that have been subjected to the heat of contact metamor- 
phism. 

Openings may result indirectly from the force exerted by growing 
erystals upon the walls of openings that contain them. In some cases 
it is probable that the force exerted has been sufficient to widen greatly 
the cracks through which solutions gained entrance. While a possible 
explanation of the conditions in some mineral veins, it does not appear 
that the joints and cracks known in oil fields are of this origin. In 
fact, the crystals of calcite and other substances which occur in shale 
eracks may more logically be considered as filling preexisting open 
eracks rather than as the cause of them. 

Crustal Movements.—When unconsolidated sediments are sub- 
jected to dynamic pressure, they tend to flow in such manner as to 
relieve that pressure. As long as they remain plastic, flow is accom- 
plished without difficulty. But when the sediment becomes a rock 
and attains rigidity, flowage is no longer possible except under ex- 
treme pressures. Relef may come through faulting of the strata. 
In this, one portion moves with respect to the other. More commonly 
the strain is taken up by folding of the rocks or by movement within 
the rock beds. In rocks that are heterogeneous in character, that is, 
composed of pebbles of irregular size and shape held together by ce- 
ment, the adjustment is frequently made by the slipping of component 
units. In sandstones, the action is much the same. In limestones, 
there is an early development of hardness and rigidity, which, together 
with the homogeneity of the mass, make it amenable to breakage along 
planes that cut the rock with definite knife-like surfaces. Such 
breaks are limited to one bed in most cases and are known as joints. 

While shales and clays are homogeneous, they normally lack the 
rigidity necessary for the development of joints. Where shales have 
become slaty in character, the development of joints is not unusual. 
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Joints may materially increase the porosity of rocks. Their volume 
is normally small compared with the total volume of the rock which 
contains them. Their greatest importance probably lies in the fact 
that, together with bedding planes, they form ideal passages for the 
circulation of waters capable of dissolving matter contained in the 
rocks. The jointed limestone may develop a high porosity in that 
manner. As the jointed slate-shale is composed mainly of insoluble 
material, its porosity is not increased to any great extent by solution 
and remains equal to the volume of the joints themselves. 


Fig. 25.—Limestone outcrop, showing joints and bedding planes along which 
solution can take place. Photograph by W. C. Alden. U.S. G. S. Water Supply 
Paper 489, plate IX, 1923. 


Joints that accompany folding are classed according to their posi- 
tion as tensional or compressional. Their strike is usually parallel to 
the strike of the folds. Where joints result from torsional strains, 
two or more series at angles with each other are common. In such, 
the circulation of rock-dissolving water and the amount of pore space 
are materially increased. 

Weathering of Rocks.—While the weathering of rocks normally 
results in their conversion into soils and ultimately their removal, the 

12 
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process may be interrupted before the removal or the disintegration 
have been completed. In that case the highly porous honeycombed 
residual debris and weathered rock may be resubmerged and covered 
by later sediments. Its history may be expected to follow the course 
taken by the normal sediment, but the product may be materially 
different. This is especially true when the weathered rock still re- 
tains sufficient strength and irregularity of outline of fragments to 
prevent compacting. If the material laid down above it is of im- 
pervious nature and not distinctly soluble, its entrance into the pore 
spaces of the residual matter and subsequent fillmg with cementing 
matter may not occur. In such cases highly porous rocks may result. 

Nature of Rocks—Sands and their more or less consolidated 
derivatives, sandstones, are the best known of the container types of 
reservoir rocks. Porous limestones are the only other important con- 
tainers of oil. Clays and shales are the usual retainer rocks. Non- 
porous limestones and sandstones are also of importance. Slate-shales 
that are highly jointed are containers in some areas. The lesser 
sedimentary rocks such as gypsum, rock salt, and anhydrite, while 
present in oil fields, do not play an important part in concentration. 
In a few instances rocks that are wholly unrelated to the sedimentary 
types are containers or retainers. These may be either igneous or 
metamorphic in character. 

Sands and Sandstones.—We have less definite information about 
the character and porosity of sands than is desirable. This is espe- 
cially true of oil-containing sandstones. The difficulty in procuring 
actual samples of the sand, instead of merely cuttings or drillings, is 
great. Except where the reservoir is one containing gas under suffi- 
cient pressure to throw fragments of the stone out of the hole, the only 
way of obtaining an actual sample is by taking a core of the horizon. 
This means a considerable loss of time. Yet the value of actual sam- 
ples is now widely appreciated; and the practice of taking them, a 
erowing one. 

Determination of Porosity.— After the sample has been obtained, 
the porosity may be determined in several different ways. According 
to O. KE. Meinzer* the methods in use may be considered as falling into 
the following classes: 


1. Measuring of the quantity of water required to saturate a 
known volume of dry material. 


‘U.S. G. 8. Water Supply Paper ASO emlelle 
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2. Comparing the volume of a sample with the aggregate volume 
of its constituents. 

3. Comparing the specific gravity of a sample with the weighted 
average of the known specific gravity of its constituent materials. 

4. Comparing the specific gravity of a dry sample with that of a 
saturated sample of the same material. 

5. Obtaining the uniformity coefficient ? and estimating the poros- 
ity on the basis of the observed relation between porosity and the 
uniformity constant. 

6. Producing a partial vacuum in a vessel that contains a dry 
sample and observing the change in the air pressure when this vessel 
is connected with the air under atmospheric pressure, the volume of 
each vessel and of the sample being known. 


Estimation of the porosity after determination of the uniformity 
constant by a physical analysis of the incoherent material, is the only 
method which ean be applied to incoherent samples brought up by 
the bailer. Its product is strictly an empirical rough estimate, which 
is based upon relations observed between coherent samples and their 
incoherent grains after crushing the samples. The uniformity con- 
stant is determined by a physical analysis of the grains to determine 
the size of the grains. 

The last method listed is one of recent development, but the sim- 
plicity of the principles involved makes it extremely attractive. Un- 
less the samples are of considerable size, the measurement of small 
changes in gas pressures may be troublesome. The methods that 
require saturation of the pore space with water, namely methods 1 
and 4, present considerable difficulty because of the irregularity in 
the rate of absorption of water by different porous rocks. In order 
to get any degree of completeness of saturation, the liquid must be 
forced in under pressures of from 50 to 150 atmospheres. Except 
that coherent samples must be coated with paraffin before being 
submerged in water to obtain the volume of the displaced water, no 
difficulty is encountered in finding the volumes of aggregates or of 
their constituent grains. Determination of the specific gravities of 
samples, or of the average of their component parts, depends upon 
measurements of their weights in air and in water. Readings are 
made in much the same way as volumes are taken. The United 

1The uniformity constant is the ratio of the diameter of a grain that has 
60% (by weight) of the sample finer than itself to the diameter of a grain that 
has 10% finer than itself, 
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States Geological Survey methods as developed and used by A. F. 
Melcher? are based upon the comparisons of volumes of the sample 
and the aggregate volume of the sand particles of which it is composed. 
The porosity is calculated from the following formula: 


100(V —v) 
V ? 


(ee in which 

P= Porosity by volume. 

V = Volume of the sample. 

v= Ageregate volume of the solid particles that compose the 


sample. 


Nature of Sands.—Uneconsolidated sands are generally consid- 
ered as having an average porosity of from 30 to 35%. Higher 
percentages are common in surface sands. In loosely cemented oil 
sands, such as those of California, the porosity ranges as high as 40%. 
Many of the samples from producing horizons in that state show 30% 
or more. According to J. O. Lewis? a conservative estimate of the 
average porosity would be not less than 25%. Probably the porosity 
of Tertiary sand horizons throughout the world will not be materially 
different from those in California. The figure for California is cited 
by several authors as being applheable to Russia. 

The somewhat more consolidated sands of the Upper Cretaceous 
show an average slightly lower than that of the Tertiary. An average 
of 8 samples from the Nacatoch gas sand of the Mexia-Groesbeek pool 
in central Texas was 24.4%. Similarly the testing of 21 samples 
from gas sands and aacberated ae in the Shreveport gas field of 
Louisiana showed an average of 22.7%. A test on the porosity of a 
sample taken from the Second Wall (ee sand, the main oil produe- 
ing horizon at Salt Creek, Wyoming, showed a porosity of 25.8. 

While the porosities of some samples of Paleozoic sandstones ap- 
proach those of later horizons, the degree of compacting and cementa- 
tion is usually so much greater than that of the later sands that porosi- 
ties above 20% are unusual. It is generally considered that the 
production comes almost entirely from the sections in which the poros- 
ity is more than 10%. While samples of lower porosity contain oil, 
they are not considered representative of the true oil-bearing sand 
but of breaks or tight places in it or of cap or bottom strata. The 

1 Determination of Pore Space in Oil and Gas Sands, A. I. M. E. Trans., Vol. 
LXV,-p. 474, 1921. 

2U. S. B. of M. Bull, No. 148, p. 17, 1917. 
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average porosity of strata of Pennsylvanian age is probably higher 
than that of the older Paleozoie horizons. 

The porosity of sandstones is determined by the degree of their 
compacting and the amount of cement that has been introduced. 


A.—7.47 ft. below top of sand. B—14.46 ft. below top of sand. 


C.—19.35 ft. below top of sand. 


Fie. 26.—Group of Photomicrographs of a Cored Portion of the Second Sand 
of the Venango Group, near Oil City, Pennsylvania. Taken with crossed nicols. 
After Fettke, Charles R.: Petroleum Development and Technology in 1926, p. 223. 


It is logical to anticipate lower porosities in older rocks. However, it 
must be remembered that compacting is caused both by static and 
dynamic pressures; and that while a number of samples may be of 
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the same age, they may not have been subjected to the same degree of 
compression. Similarly great differences in the amount of cement 
introduced are possible. 

There is wide-spread feeling among drillers and field production 
men that the yield of oil from a sand is proportional to the size of 
grains which make up the container rock. This is undoubtedly true 
when all other factors are equal. But sands of fine grain frequently 
are prolific producers because of the absence of splintery and closely 
compacting matter. R. W. Pack? reports that the small grained 
sands are important producers in the Midway-Sunset district. He 
states that in many samples the percentage passing through a 200 mesh 
sereen is equal to from 50 to 80% of the total sample. Such matter 
is but little larger than dust particles. Unconsolidated sands of ex- 
tremely fine texture are numerous in Tertiary horizons. In Cali- 
fornia, at La Rosa in Venezuela, Baku in Russia, Trinidad and other 
areas, they have been the cause of both profit and anxiety. They have 
meant profit because of the highly saturated condition of the sands, 
and anxiety because of the rapidity with which such sands disintegrate 
and cause the hole to cave in and ‘‘sand up.”’ 

Where fine sands are continuous with coarse grained ones, the 
flow of oil is naturally greatest along the lines of least capillary 
resistance and therefore toward the wells tapping the coarse grained 
sands. With the introduction of cement the fine grained sand may 
lose its value as an oil container. Its pores, while only slightly 
smaller than those of the unconsolidated fine sand, become too small 
to permit easy flow. They may even be reduced to the size of sub- 
capillary openings in which flow is entirely stopped. Uneven cement- 
ing may prevent circulation even though it does not decrease to any 
extent the porosity of the rock as a whole. 

Sandstones as Retainers——When cementation and compacting 
are carried to the degree where circulation is no longer possible, sand- 
stones cease to have possibilities as containers and begin to function 
as retainers. Poorly assorted, fine grained sands composed of flat or 
other closely fitting fragments reach this stage earlier than do those of 
large, rounded and even grain. Beds in which the cement was partly 
introduced during the period of deposition are likely to reach this 
stage earlier than those in which the cement is all of later introduction. 
Sandstones composed solely of normal constituents, such as quartz and 
other insoluble fragmental material of grain size larger than 0.05 of 


1U.8. G. 8. Prof. Paper 116, p. 81, 1920. 
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a millimeter, as distinct from clays, shales, or clayey and shaly sand- 
stones, are effective in retaining oil, gas, and water in more porous 
rocks as soon as their interstices become so small that gravity is unable 
to overcome capillary action. In other words, the retainer sandstone 
is one in which the pore spaces are so small that they are permanently 
water filled. Sandstones in which all of the pore spaces have been 
filled with cement would be ideal retainers, but their existence in oil 
fields is questionable. 

Conglomerates.—The coarse grained pebbly conglomerate is so 
closely related to the true sandstones that anything that has been said 
about the latter may be applied equally to the former. Conglomeratic 
sandstones and true conglomerates in which but little cement or inter- 
stitial fillimg has been introduced during or after deposition, form 
extremely fine containers of oil. Gravitational forces are fully capa- 
ble of bringing about concentration of oil in such rocks, and the 
removal of the oil through wells is usually rapid. Conglomerates are 
seldom composed solely of bouldery material or even of gravel, but 
contain finer material, which acts as a filling. This and cementing 
material substantially decrease the effective pore space, sometimes 
decreasing it below the point where the rock can serve as a container. 

Limestones.— While sands and sandstones are productive of oil 
in practically all of the important fields of the world, limestones are 
unknown as producers in many and are important in only a few. 
Their characteristics are much less regular than those of sandstones 
and have been studied less. The soft incoherent variety called chalk 
contains a large number of minute openings but is rarely a container 
of oil. In some places it is a source of water supply, but the water 
is taken largely from joints and solution passages. The minute size 
of the shells and fragments of which chalk is composed is probably the 
explanation of the extreme fineness of the openings and the failure of 
chalks to serve as containers. Practically all chalks appear to be 
saturated with water, but the water is apparently imprisoned in open- 
ings of subeapillary nature from which its removal is not normally 
possible. 

The porosity of shell limestones is frequently high. Decomposition 
of the fleshy parts of the organisms, whose shells alone remain, gives 
rise to numerous and fairly large openings. In many cases the solu- 
tion and redeposition of the calcium carbonate causes the filling of 
these openings before the rock is of great age. In others the openings, 
while numerous, are not connected; and the high porosity is not ef- 
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fective porosity. In a few, the shell porosity is maintained and may 
be considered as the explanation of their present effective porosity. 

The prevalence of joints in limestones has been mentioned. While 
jointing alone may be responsible for oil accumulation in some cases, 
it does not appear that jointing could have been responsible for all of 
the oil that has been recovered from the highly jointed Trenton lime- 
stone of Ohio and Indiana. In that area two theories were advanced 
to explain the porosity. Edward Orton! maintained that the poros- 
ity was the result of shrinkage in the process of dolomitization. The 
joint openings were considered as of two types: those of major extent 
resulting from crustal movements; and those of minor extent, but 
far more numerous, resulting from dolomitization. A. J. Phinney? 
considered the porosity to be due to the solvent action of water perco- 
lating through rock and dissolving it along lines of weakness such as 
joint planes. It is entirely possible that dolomitization prepared the 
way for the development of a more extensive net work of joints than 
would be available through crustal movement alone. 

The two most famous limestone producing horizons of the world 
are undoubtedly the Tamasopo limestone of Mexico and the Fars 
limestone of Persia. The production of the Fars comes from a vesicu- 
lar shelly limestone. The Tamasopo is not only vesicular but in places 
almost cavernous. In deep strata such solution openings can only be 
accounted for by ground water action or weathering, when the beds 
were at, or close to the surface during a period of uplift at some time 
after they were originally deposited. The productive portions in both 
cases are found largely in the upper parts of thick massive and usually 
non-porous limestones. 

Limestones as Retainers.—In contrast to the rather limited num- 
ber of places in which limestones serve as containers of oil are the 
large number in which they are not productive. The expression 
‘break in the lime’’ is common in the Eastern and Mid-Continent 
provinces where limestones act as retainer rocks. In such areas the 
break may prove to be a true porous limestone, but more frequently 
it is a sandy limestone and in some cases a true sandstone. The ab- 
sence of oil and gas in most limestones is natural, as the calcium 
carbonate of which they are composed tends to pass into solution. and 
return to the solid state easily, thus sealing any openings that are 
present in the lime deposits when they are first laid down. The mi- 

1U.S. G.S. 8th Ann. Report, part 2, pp. 475-662, 1889. 

2U. 8S. G. S. 11th Ann, Report, part 1, p. 617, 1891. 
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nuteness of the pores in the incoherent chalk serves to prevent move- 
ment in that type of lime rock and permit it to function as a retainer. 

Clays and Shales.—Clays and shales serve as containers of oil 
and gas only in unusual cases. The function of these rocks is pri- 
marily that of retaining oil. The original substance of the group, 
clay, has as high a porosity as the average unconsolidated sand. This 
has been placed as high as 50%. However, the pores are, like those 
of chalk, so extremely small that water or other liquids entering them 
are able to escape from them only when the pore space is reduced by 
dynamic or static pressure and the liquids are forced out by decreas- 
ing the porosity. In shales the porosity is low because of the high 
degree of compacting of the flat kaolin particles attained with moder- 
ate pressures. The remaining pores are largely of subeapillary size 
and therefore unfavorable to the movement of liquids of any sort. 

While not always in direct contact with the oil-containing beds, it 
can hardly be doubted that clays and shales have had an important 
part in determining the movement of oil, gas, and water in practically 
all of the world’s oil fields. 

The plastic nature of clays largely prevents the development of 
joint openings in them. The enlargement of such fractures is not 
possible as in the case of limestones because of the insolubility of the 
kaolin of which they are composed. Even in shales joints are un- 
common. Their development is generally lmited to beds which, be- 
cause of their chemical or physical character, develop slaty character- 
isties early in their history. Jointed shales, however, are not unknown 
as oil producers. In some eases shale joints or crevices lie immediately 
above and are undoubtedly connected with underlying sandstone and 
limestone reservoirs. In such cases the shale fissures serve more as 
connecting channels and drainage pipes than as storage areas. This 
is undoubtedly true in the Tampico-Tuxpam field where the San 
Felipe shales, which lie above the Tamasopa limestone, are sometimes 
large and long continued producers of oil. The irregular distribution 
and erratic character of these wells leads to the conclusion that they 
do not tap a definite and continuous body of oil in the shale itself. 

At Salt Creek and Teapot Dome, sensational but usually short 
lived flows are frequently found in the shale beds which overlie the 
productive horizons. Wells that strike major joints or fissures must 
be treated as individual finds as the individual fractures are seldom of 
sufficient extent to be productive in more than one well. All of the 
productive fractures lie above the First Wall Creek sand. Despite 
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the fact that the sand is saturated with water below some of these 
wells, they do not show water. Non-oil coutaining crevices are some- 
times entirely dry. From this it may be deduced that the crevices in 
this pool at least are not now connected with the lower oil containing 
rocks. ; 

At Florence in Colorado fissured shales have been productive on 
a small scale for a number of years. The fissures follow regular 
systems, making possible a little geologic work in advance of the drill. 
The shale is the only producing horizon. The shallower wells con- 
tain gas with the oil and the deeper ones yield some water. The zone 
extends through a depth of 2,500 feet in the Pierre shales. While 
shale fissures have been found productive at other points in the 
Rockies, notably at Rangely and Tles in Colorado, and Big Muddy and 
Pilot Butte in Wyoming, the shale production has come from points 
overlying porous sandstones. While these may not be connected with 
the porous rocks below at the present time, it cannot be said that they 
were not in the past. 

Hybrid Rocks,—Shales in many fields produce gas in limited 
quantities. While some of this may come from fissures, the greater 
part probably comes from sandy lenses and shaly sands in otherwise 
impervious shales. This seems to be the case along the southern shore 
of Lake Erie where Devonian shales appear to be the source of gas in 
Ohio, Pennsylvania, and New York. Similarly sandy limestones and 
lime sands appear as productive beds in massive limestones. Shaly 
limestones and lime shales or their unconsolidated representatives, the 
marls, function as retainers for the most part. In this they show the 
same characteristics that are found in the two rocks between which 
they lhe. 

Minor Sedimentary Rocks.—Coals, while frequently crossed by 
numerous joints and found in formations in which oil is also present, 
do not contain it. Neither do they serve as retainers. The explana- 
tion of this hes more in the absence of oil from the immediate strati- 
graphic position of the coal than in any of the physical properties of 
the coal itself. The conditions under which coal deposits are formed 
are usually responsible for the existence of shales or slaty beds both 
above and below them, which prevent the oil from reaching the coal. 
Salt, gypsum, and anhydrite, while closely associated with oil contain- 
ing strata in some fields and playing an important part in the develop- 
ment of the salt dome type of structure, are neither containers or 
retainers of importance. Unquestionably they are best suited to act 
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as retainers. While their solubility tends to the development of 
solution cavities, they are so incompetent and plastic in nature that 
these cavities cannot be maintained at any distance below the surface. 
In salt domes the gypsum lies directly under a limestone cap, which 
has been productive in some areas. It may be said to have prevented 
downward migration of the oil. The salt cores of these domes are 
commonly separated from the oil by bituminous clays or shales which 
prevent the oil and the salt from coming in contact with each other. 

Metamorphic and Igneous Rocks.—Rocks of metamorphic nature 
are of too low porosity to form satisfactory oil containers except where 
they have developed joint planes and fissures. The same may be said 
of granites and other wholly erystalline rocks. Numerous instances 
of the existence of oil in fractures in schists, gneisses, and granites 
might be given, but they are without exception not of commercial im- 
portance. In addition, the oil in such rocks is found in the rotted 
fissured portions, which have been subjected to surface erosion at 
sometime or other. If commercial yields are obtained from their 
vicinity, they come from the porous sedimentary rocks in contact with 
the erystalline rocks or from zones of unconsolidated debris of con- 
glomeratic nature which mark the unconformity between the erystal- 
line base and the sediments. Thus, in the Panhandle area of Texas 
a thick basal conglomerate produced by the weathering of the under- 
lying granite is the source of much of the oil obtained. 

Basaltic sills and other forms of igneous bodies that have solidified 
close to the surface are only partly crystallized. They are frequently 
highly joimted and therefore amenable to decomposition by percolating 
waters. While not of commercial importance except at Furbero, 
jointed and altered basic igneous rocks are frequently containers of 
oil in the Tuxpam-Tampico area of Mexico. 

Commercial importance can be given to the tuffs and tufaceous 
rocks formed from the consolidation of loose voleanic material on the 
surface. Such material is interbedded with shales and ordinary sand- 
stones in Japan. It forms with the sandstones the productive hori- 
zons in several pools. In Texas material of the same general character 
has produced considerable oil at Lockhart and Thrall. Its identity is 
not entirely clear in these two pools. It may be either igneous mate- 
rial laid down on the surface or a greatly altered product of sill char- 
acter. -B. 8. Larsen, Jr.,' in reporting upon a specimen taken from 
Thrall states as follows: 

1 Quoted by A. Deussen: U. S. G. 8. Prof. Paper 126, p. 120, 1924. 
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“The material is no doubt of igneous origin, but the original 
minerals are now completely gone and the specimen is an aggregate of 
ealeite, chlorite, and other secondary minerals. The form of the 
original lath shaped or tabular crystals is still well preserved with a 
texture similar to that common to basalts. The rock is clastic and 
probably a tuff though it may have been a flow breccia. More accu- 
rate determination is not possible, although it was without question 
derived from a rock closely related to basalt.”’ 

The rock is of green color both at Thrall and at Lockhart. Hence 
it has generally become known as serpentine. It cannot be said to be 
similar to the true serpentine marble or even to the serpentine formed 
by the hydrothermal alteration of deeply buried peridotite and other 
massive basic igneous rocks. 

Tuffs are the product of the consolidation of voleanic ashes and 
dust. While sometimes dense and hard, they are more commonly 
porous and light. Where the ashes have fallen below the water level 
or were covered by water shortly after they were deposited, such ashes 
are frequently only distinguishable from ordinary sediments by their 
chemical and physical properties. Volcanic breccias are composed of 
the coarser fragments. Lava may also be highly porous because of 
the large amounts of gas and liquids that it frequently contains. 
Flow breccias are composed of fragments formed partly from solidi- 
fied lava material taken up by that which still remained liquid and 
earried farther before final deposition. 

Containers versus Retainers.—Except with regard to sandstones 
and sands, very little can be said definitely about the line which sep- 
arates rocks into container and retainer types. Clays beeause of their 
plasticity can only be considered as retainers. Shales unless strongly 
fissured must be classed with them. Chalks and limestones are nor- 
mally too impervious to act as containers. Yet shell limestones, and 
those which have been subjected to the leaching action of water may 
be of high porosity and serve as excellent containers. In shales and 
limestones owing their porosity to jointing and to water-channeling, 
the porosity of the individual sample may bear no relation to the pore 
space of the rock as a whole. In such rocks the total porosity may be 
small but the recovery large because of the great ease of movement 
through the existing openings. Thus in limestones the sample show- 
ing a porosity of less than 10% may come from a highly productive 
horizon. The sandstone which showed less than that percent would 
be of little value. 
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Sandstones are not of the same character throughout the pro- 
ductive horizon. Lateral variations in porosity are common and are 
the cause underlying the development of many productive areas. 
Well known thick sand bodies, which were formerly considered to be 
of much the same character throughout their whole thickness, have 
been found to vary considerably in character vertically. Not only do 


PROBABLE RELATIVE 

PERCENTAGE OF PORE SPACE BY VOLUME RATE OF OILFLOW 
10) 5 10 15 20 Oo 50 100 
i fossiliferous limestone that coula verveas the 

impervious part of the cap rock; contains no o// 


230 


Shale and sandy shale; core Bives strong odor 
of ail when freshly broken 


0i/ sand 


(240 fossiliferous limy sand, contains o// 


Oi! sand, 20 feet of best pay for this core; 


1250 
porosity and size of grain fairly uniform. 


Et 


lu 
1260 
2 Sandy shale; contains some o// 


Oil sand; some of the best pay of the core 


DEPTH !N 


Sandy shale with laminations of o// sand. 
fine-€rained oi/ sand. 


0i/ sand, coarser grained than o// sandabove 
Sandy sha/e. 
O1/ sand 


& 
N 
[o} 


Sandy shale; contains o// 
Shale with laminations ofo// sand 


fine-grained o// sand. 
O:/ send; coarse and uniform Brain. 


1280 


Very hard cemented o// sand; grains have 
appearance of quartzite 


Shaly sand; contains some oi/. 


difsand, barely productive. 

Shale with very fine sand; contains some o// 
Thin layer of hard and well-cemented sandstone; 
contains some oi/and has appearance of quartzite 
From 1286.8 to/29/8 shale with very fine sand; 
contains Some o//. 

Fine-grainedoi| sand, bedded; probab/y would 
not produce o// 17 commercial QuEntrtes 


Shale, 


4290 


Fig. 27—Profiles showing porosity and probable rate of flow in a core of the 
Bradford oil sand from a well about half a mile west of Custer City, Pennsyl- 
vyania. After Melcher, A. F.: U. 8S. Dept. of Interior, Press Memorandum, April 
iffy aA, 


they merge gradually into overlying and underlying shales but also 
prove to contain breaks or partings in which the sand is of such low 
porosity that it is of no value as a producer of oil. In faet such 
bodies of sand, though they contain no true shaly material, may serve 
as effectively as a shale in dividing the horizon into two parts. Analy- 
ses of the sands from different parts of the same horizon show very 
definitely the reasons for differences in the rate of production between 
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wells. The effects of such variations at Burbank in Oklahoma are 
discussed in Chapter XIV. The results of a study made by the 
United States Geological Survey of the variations in character of the 
famous Bradford sand in a cored well near Custer City, Pennsylvania, 
are given in Fig. 27. 

From this study of the Bradford sand, it would appear that the 
lower limit for production is about 10% pore space; and that out of 
the 62 feet of thickness in the horizon, only about 37 feet can be con- 
sidered as yielding oil in commercial quantities. Yet all of the sand 
shows oil in some quantity. 


CEA PLN Riv Vy LEL 


THE CONCENTRATION OF OIL AND GAS. 


Oilfield Waters Although in some pools water is not apparent 
in the horizons which are productive of oil and gas, it is so commonly 
associated with them in most areas and has such an important position 
in all theories of the concentration of oil and gas that it would seem 
advisable to devote some space to a discussion of its character and 
origin, 

As the bulk of the sediments found in oil fields are of marine, 
strand line, or interior marsh or residual basin type, it is natural to 
assume that a considerable portion of the water that they now contain 
was imprisoned at the time of their deposition. Such waters are 
known as connate types. They may be considered as of two groups: 
first, the waters imprisoned between the comparatively large openings 
of sand, pebble, and bouldery deposits; and second, waters retained 
in the extremely fine and, probably in the main, subeapillary pores of 
clays. The first enjoy considerably greater freedom of movement 
than do the second. In fact, until forced out of the containing me- 
dium by decrease of pore space, clay-contained -waters cannot be said 
to have any freedom of movement. We may go farther and say that, 
during the contraction period, the movement of such water is limited 
to movement in the shortest possible path connecting the original 
lodging point of the water particle and the nearest porous medium. 

The similarity between the analyses of some oilfield waters and 
ocean waters or brines formed from their concentration leads to the 
conclusion that, despite the long period which has elapsed since the 
deposition of the containing sediments, such waters have not moved 
great distances from the points of their original deposition. The 
analyses of waters of the ocean and of the oilfield brine types cannot 
be said to be identical. The brines show wide variation in the 
amounts of the solids they contain and also in the exact ratios of the 
different materials present. 

The most evident differences between the waters in oil and gas 
horizons and sea waters are the relatively high percentages of calcium 
and the lower totals for magnesium and for the sulphate radicle shown 
by the former. The absence of sulphate in deep brines is not general 
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except where those brines have come in contact with organic matter 
which has combined with the sulphate. In the analyses of waters 
from wells not connected with oil-producing horizons given in Table 
42, the sulphate content is not as low as it is in the samples from the 
oil horizons. The low content of magnesium and the high percentage 
of calcium are in keeping with the widely held belief that dolomitiza- 
tion of limestones is a secondary process in which the calcium of the 
original limestone is replaced by magnesium from waters coming in 
contact with it. 

Such similarity in content as is shown between most of the waters 
of the Appalachian area and those of the ocean can only be accounted 
for by the assumption that the horizons in this area were not open 
to infiltration of surface waters after the period in which they were 
deposited. The high degree of concentration may be due to con- 
centration at the time of their imprisonment but may also be consid- 
ered as resulting from concentration after deposition. The exact 
manner of this later concentration is unknown, but its accomplishment 
ean hardly be doubted. In a few instances it may be traceable to 
the solution of beds of rock salt or salt-containing rocks, but this 
explanation is not applicable in the majority of cases. Possibly 
evaporation under the influence of a temperature somewhat greater 
than that at the surface has been a contributing factor. Moving gases 
may have been instrumental in causing vaporization and escape in 
other cases. 

The waters contained in the oil-bearing horizons of the Salt Creek 
pool of Wyoming are as closely related to surface waters of today as 
those of the Appalachian are related to ocean waters. The analyses 
listed in the Table on page 184 are all from surface or oil horizons in 
this pool. 

The Shannon sand outerops in part of the pool. It contains some 
oil but has never been an important producer. The top of the First 
Wall Creek lies at a depth of 900 feet below the surface in the center 
of the structure and at much greater depths on its edges. The shale 
fissures that yield oil from points above it are found at different 
depths in different wells. They are not continuous. About 400 feet 
below the First Wall Creek sand lies the Second Wall Creek. The 
Third Wall Creek, a comparatively unimportant horizon, lies under- 
neath this. Below this sand lie the Dakota sand, the Lakota sand, 
and the Sundance formation in the order given. The Dakota is 
lenticular and contains only a small amount of oil in this pool. The 
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Lakota is believed to contain oil in amounts comparable with the First 
and Second Wall Creek sands, but neither it nor the Sundance have 
been fully tested. 

The analyses given are only representative of the water in the 
different horizons. There is a difference in the total salinity of 
waters from different wells penetrating the same horizon. In the 
First Wall Creek the salinity ranges from 3,000 to 14,000 parts per 
million in 22 samples listed by Young and Estabrook. Similarly the 
salinity in the 6 samples of the Second Wall Creek shows a range of 
from 12,108 to 20,141 parts. The outstanding characteristic of all the 
waters from the Shannon down to the Sundanee is the high proportion 
of bicarbonate. With the exception of the Shannon and Dakota, 
which are not important oil horizons, sulphates are lacking in all the 
waters. In the former, the connection with the sulphate water of 
the surface is very close. In the Dakota, the sulphates have not been 


TABLE 43.—ANALYSES OF WATERS AT SALT CREEK, WYOMING.* 


In Part Per Million. 


Source Na | Ca’'| Mg |) SO. | "or || co, jeg, {Peet 
SULLEOC are ee earner 577 | 148 103 | 1811 20 | — 152 | 2811 
RMA SN, pace ce ros 1057 30 80 | 1780 52 66 880 | 3895 
nae, WY ooo cence woe 2738 8 — — | 2920 | — | 2260 | 7926 
First Wall Creek Sand.. .| 2808 | Trace 15 — 865 | 118 | 5810 | 9611 
Second Wall Creek Sand.| 4602 12 9 | Trace | 5125 | — _ | 3480 | 13288 
Dakotanoandsameepeeeiee 4519 78 47 267 | 6208 | — | 1434 | 12553 
Upper Bench of Lakota 
Rey a6 eile a ele) A atk 1302 25 18 — 332 | — "| 3050 | 4727 
Lower Bench of Lakota 
POE ENS Ngee robbie Gliaromarttear Oe 1281 7 — — 586 | — | 2390 | 4264 
Sundance Sand......... 2308 15 8 — 2272 | — | 2290 | 6893 


* Typical analyses selected from a group given by Young, H. W., and Estabrook, B, 
L.: Petroleum Development and Technology in 1925, p. 256. 
altered because of the limited amount of organic matter. The shale 
water shows an abnormally high chloride content for its stratigraphic 
position. This may be cited as further indication of absence of direct 
connection between the fissures and the lower oil-producing horizons, 
which has been referred to previously. In none of the horizons do 
chlorides dominate the waters as they do in the waters of the eastern 
fields. Moreover, the chloride content does not vary with depth as 


Cr 
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might be expected. The Lakota is especially deficient in chlorides, 
while the Dakota, which lies immediately above it, shows the highest 
content of any of the horizons tested. 

The analyses of the several waters show very clearly that surface 
waters have entered the oil horizons on a large scale. It is probable 
that they are still entering them today. Differences in character in 
different parts of the same horizon may be accounted for by differences 
in porosity, which cause differences in the ease of circulation and in 
the reactions between the waters and the rocks through which they 
flow. 

The sand horizons of the Cretaceous Powder River Basin, upon 
whose western edge the Salt Creek structure lies, are evidently con- 
tinuous over wide areas. This is certainly true of the major produc- 
ing sands. Unlike the earlier Eastern Paleozoic Basin, which has 
never been elevated much above sea level, practically the whole of the 
Cretaceous in this area lies above the level of the sea. Escape of the 
original waters has probably been encouraged. The entrance and 
substitution of waters of later age and of entirely different character, 
because of continental origin, has been greatly assisted. 

In the Valley Field of California, the sand horizons that contain 
oil are much thicker than the horizons of the Rockies or of the eastern 
Paleozoic areas. The individual sand beds are less continuous and 
subject to rapid variations in porosity. Thus some of the waters 
associated with the oil-producing zones of California resemble closely 
the waters of the surface, others show a definite connate character, 
still others are apparently combinations of the two. Shallow waters 
from water wells and top waters in oil wells show a wide range in 
composition but commonly have a high sulphate content in comparison 
with the chloride and even the carbonate totals. The modified mete- 
orie waters show substantial increases in carbonates, accompanied by 
a corresponding decrease in sulphates. The decrease in the sulphate 
is further accentuated in the meteoric waters that have been in con- 
tact with the oil for a longer period of time. Analyses of the un- 
altered brines are not available in the vicinity of the oil wells, but 
would probably differ mainly from the altered ones given in the 
percentage of sulphate matter contained. The differences between 
the chloride and carbonate contents of the waters that are considered 
as primarily of meteoric origin and those that are called connate are 
yery marked. 

Oilfield waters are commonly under considerable pressure. In 
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some cases the water is under such pressure that it rises to the surface 
from a horizon located several thousand feet below that surface. In 
some cases the water may flow out in the same way as artesian waters 
do. Asa matter of fact, the waters of pools like Salt Creek can hardly 
be considered as other than modified artesian waters. In such cases 
the head may gradually decrease until the water ceases to flow. In 
the majority of cases the water rises only a few hundred feet in the 
hole. In some it may flow in so rapidly that it is impossible to bail 
the hole dry, yet not be under sufficient pressure to rise to the surface. 
In a great many cases the amount of water contained in thin and 
probably lenticular sands is not large, and they are soon exhausted by 
bailing. 

Some sands are saturated with water, but capillarity prevents its 
movement and entrance into the holes. Such sands are considered by 
drillers to be dry. Sands that contain larger pore spaces but are only 
partly saturated with water are not uncommon. These are most 
prominent in the upper portions of wells in strata lying above sea 
level. Deep sand horizons lying below sea level which are devoid of 
water are not unusual. While many are not capable of absorbing 
water because of the small size of their interstitial openings, others 
appear to be capable of absorbing unlimited quantities. The explana- 
tion of the occurrence of such bodies in the deep horizons of the 
Eastern and the Mid-Continent Paleozoic Geosynelines is difficult. 
Such sands are usually lenticular beds rather than thick or extensive 
ones. Possibly the beds have only been partly filled since the time 
of their deposition. They may have lost the bulk of their original 
water content during periods of compacting; and now, with the re- 
lease of pressure through removal of part of the overburden by 
weathering, they have less than enough to fill the pores of a slightly 
expanded rock. The water may have been given up through evap- 
oration. 

The explanation of drainage during periods of uplift may be 
offered but can hardly be given much value in areas where there is 
no evidence that such drainage was possible. In addition, the un- 
saturated beds of the Appalachian area are frequently found in close 
proximity to those which are filled with water. The latter are fre- 
quently much more continuous and therefore much more lable to 
drainage and loss of water in other ways than the dry beds themselves. 

The Gravitational Theory.—If oil, water, and gas are placed in 
a closed vessel or tank, they quickly arrange themselves into layers 
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according to their densities, water on the bottom, gas on top, and oil 
in between. The separation is evidently due to difference in density 
and nothing else. In general the same positions are taken when these 
substances are found in association with one another in the pore 
spaces of rocks. This arrangement is the basis for the gravitational 
theory of separation, which is the underlying principle of all well 
locations made by geologists at the present time. The shape of the 
porous rock container is naturally different from that of the tank. 
Its horizontal dimensions are of great extent compared with its height. 
Furthermore, the quantity of oil and gas present is usually very small 
in comparison with the amount of water present. Any large accumu- 
lation of oil implies a considerable amount of horizontal movement as 
well as vertical movement. The first structural condition noted as 
being associated with oil yielding areas was the anticline. Because of 
this the theory of gravitational accumulation soon became known as 
the anticlinal theory. It was long the subject of controversy, largely 
because of the failure of many to recognize that the conditions postu- 
lated by the adherents of gravitational separation were not limited to 
the anticline but could be produced by a number of different strue- 
tural forms. 

History of the Theory.—The separation of gas and oil from water 
and their accumulation in the upper and domed portions of beds 
seem to have been recognized immediately after the discovery of oil 
in the Ontario and Appalachian areas. Articles by E. B. Andrews 1 
and J. 8. Hunt? show appreciation of the relation of oil to structure 
as early as 1861. The theory was developed and clarified by other 
writers in the years following. Among the better known writers deal- 
ing with the subjeet were Alexander Winchell * and J. S. Newberry.* 
However, the theory cannot be said to have been generally accepted 
before the present century. The greater part of the exploration 
work done up until 1890 was in the Appalachian field. The conneec- 
tion between the occurrence of oil and structural conditions is not 
always clear in this area because of the number of other factors, such 

pres Oil, Its Relations and Distribution, Am. Jour. Sei, 2d ser., Vol. 32, 
pp. 85-91, 1861. 


2 Notes on the Geology of Petroleum or Rock Ou, Canadian Naturalist, Vol. 
6, pp. 241-255, 1861. 


3On the Oil Formation in Michigan and Elsewhere, Am. Jour. Sci., 2d ser. 
Vol. 39, p. 352, 1865. : 


4 Devonian System, Ohio Geologic Survey, Vol. 1, p. 160, 1873. 
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as absence of water, lenticularity, and variation in degree of cementa- 
tion, which are present. 

The real development of the theory and the beginning of its use 
in a practical way may be said to have begun with the work of I. C. 
White * in 1885. Edward Orton? applied the theory to the develop- 
ment of the Lima-Indiana district and reported that the areas of 
greatest accumulation corresponded with those which were favored 
by the theory. Orton’s greatest contribution to the science of petro- 
leum geology was the drawing of a contour map showing for the first 
time in a clear and understandable manner the relation between oil 
occurrence and structural conditions. | 

I. C. White amplified his earlier statements in another paper ® in 
1904 which may be said to mark the close of discussions concerning 
the principles of gravitational or anticlinal accumulation and their 
general acceptance as a guide in prospecting. While accepting the 
principle, many geologists did not feel that gravity alone could bring 
about segregation in the manner postulated. In 1909 M. J. Munn 
suggested the modification now commonly referred to as the hydraulic 
theory, and in 1914 C. W. Washburne brought up the question of the 
importance of capillarity in the concentration of oil. In 1912 R. W. 
Johnson pointed out the importance of natural gas in the movement 
of oil. In 1910, L. Mrazec, and again in 1917, M. Daly proposed the 
diastrophie theory of oil migration, in which accumulation was con- 
sidered as caused by deformative movements in the earth’s crust. 
These modifications were developed to explain conditions in particular 
areas and are not always applicable to all areas. 

Expulsion of Oil from Non-porous Rocks.—All of the theories 
explaining accumulation are based upon the assumption that the oil 
is contained in a porous medium into which it has migrated from a 
non-porous original source bed as outlined in Chapter IV. The gen- 
eration of the oil is considered as due to compacting by static pressure 
and by dynamic agencies of the clays in which the oil-source materials 
were contained. The history of these clays seems to indicate that a 
period of dehydration, in which a large part of the water content was 
_ displaced, occurred early in the stage of compacting. The stage in 
which the organic matter was changed into free-moving liquids and 

1 The Geology of Natural Gas, Science, Vol. 6, June 26, 1885. 

2The Trenton Limestone as a Source of Petroleum and Inflammable Gas in 
Ohio and Indiana, U. 8. G. S., 8th Ann. Report, part 2, pp. 475-662, 1889. 

3 Petroleum and Natural Gas, West Virginia Geol. Sur., Vol. A, pp. 48-64, 
1904, 


190 GEOLOGY OF PETROLEUM AND NATURAL GAS 


eases and expelled must have been later than this. In a sense the 
expulsion may be considered as caused directly by the pressure that 
was applied to the shale or clay. However, pressure may be better 
considered as the indirect agency, as the pore space in highly com- 
pacted shales is not entirely destroyed. Water seems to have been a 
more active agency. The water remaining in the interstices of the 
clay or shale had the power of maintaining itself there because of its 
high surface tension. It was then capable of forcing oil and gas into 
the more porous container types of rocks. The movement of oil and 
gas globules through the extremely fine capillary and subeapillary 
openings of clays and shales cannot be considered as due to gravity. 
Oil containers, whose only possible source of oil is a particular black 
shale, lie above and below that shale source. In the migration of oil 
and gas to the porous beds, fractures and fault planes probably as- 
sisted materially.+ 

Manner of Accumulation.?—Oil and gas escaping from the shale 
into a more porous sandstone or limestone enter a medium that may 
be either completely saturated with water, partly saturated, or en- 
tirely dry. Where partly saturated, the water will be found in the 
lower portion of the container while the upper will be dry or filled 
with water vapor. 

The oil entering a dry sandstone will flow downward as long as 
gravity is sufficient to overcome friction and capillary attraction. 
The gas will diffuse with the air or water vapor if any be present to 
fill the pores of the rock. In such eases the principal points of aceu- 
mulation of oil will be near or at the bottom of synclines. Where 
beds are lenticular, accumulation will occur in the lowest points of 
the lens or the porous portion of the containing medium. If the 
bed is continuous over a wide area but its slope is variable, the oil 
may be expected to remain at points where the slope is reduced to so 
great an extent that friction overcomes the force of gravity. 

According to the gravitational theory, if oil or gas enter a porous 
rock that is completely filled with water, they will, because of the 
differences between the densities of the hydrocarbons and the water, 
immediately rise to the top of the porous stratum. If the slope of the 
bed is sufficient to overcome friction, the oil and gas will gradually 
move up the slope, the gas rising to higher places than the oil. If the 

1 McCoy, A. W.: Jour. of Geol., Vol. 27, p. 261, 1919. 

2 Por a concise general statement of theory see Griswold, W. T.: U. 8. G. S. 


Bull. 318, pp. 12-21, 1907. For experimental proof of theory see Mills, R. Van 
A.: Keon. Geol., Vol. 15, pp. 398-421, 1920. 
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beds are horizontal or nearly so, there will be no horizontal movement, 
as the force supplied by the differences in density between the hydro- 
carbons and the water cannot be resolved into horizontal and vertical 
components. Commercial accumulation in water-filled strata will be 


(1) (2) 


Fic. 28.—Experiment showing the gravitational segregation and accumulation 
of oil in sands of different textures. Tank 1 contained a relatively coarse sand 
(a), and tank 2 a relatively fine one (d). The cap sand (e) was water-saturated. 
After Mills, R. Van A.: Keon. Geol., Vol. 15, p. 404, 1920. 


limited to the crests of anticlines where the porous strata are continu- 
ous over wide areas and distinetly folded. Where they are lenticular 
or variable in porosity, the oil and gas will be found occupying the 
highest portions of the lenses or porous bodies. Where the beds are 
continuous but tilted rather than folded, accumulations of oil and 
gas may be expected in the comparatively flat terrace areas which 
interrupt the general slope. 

If the hydrocarbons enter a medium that is only partly saturated 
with water, the action will be a combination of the two types. The 
gas will diffuse into the upper portion of the horizon as previously, 
but the oil entering it will move upward or downward in the horizon 
according to whether it enters above or below the top of the water 
surface. Ultimately it will take a position of rest upon the water 
surface. The oil surface while in contact with gas will be in contact 
with a highly diffused type of gas. If the horizon is continuous over 
a wide area, the gas may appear to be entirely isolated from the oil. 
The oil may be expected to occupy an approximately level belt sur- 
rounding a water-filled syncline. If the beds are lenticular, the belt 
will be limited to the extent of the porous portion at that level. The 
oil-water contact in different horizons within the same basin, or in 
portions of the same bed separated by non-porous sections, may be 
different. 

It is apparent that friction will tend to retard the gravitational 
movement of gas less than it will that of oil. The concentration of 
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eas in anticlines and in the highest parts of lenticular bodies on the 
flanks of basins will be more frequently in direct keeping with the 
relationship postulated by the gravitational theory. This is found to 
be the case in practically all fields. 

Objections to the Theory.—M. J. Munn? raises the objection that 
the force available for movement of the oil through differences in 
gravity between oils and waters is not sufficient to cause the move- 
ment indicated. He also questions its adequacy as an explanation of 
the high pressures under which oil and gas are found. He points out 
that the maximum dip in the Hundred-foot sand in productive parts 
of the Appalachian field is not more than one foot to fifty and that the 
average is only one to seventy-five. The crude oil produced has a 
density of 0.7977 and is associated with salt water having a density of 
1.0623. The difference between them is 0.2646, a figure which is 
equal to about 30% of the weight of the oil. However, in areas of 
maximum dip, the force available for movement along the dip would 
be only .0067 of the weight of the globule of oil. He further points 
out that this force is opposed by molecular repulsion of oil and water, 
capillary adhesion, interstitial molecular cohesion (which is propor- 
tional to the viscosity of the oil), and both static and kinetie friction. 

There are a number of large pools in the Appalachian area in 
which the dip averages less than 30 feet to the mile. As the force 
available to produce horizontal movement equals only .00187 of the 
weight of the oil in such areas, he concludes that slight irregularities 
in the roof of the porous horizon would be more than sufficient to 
overcome the force of gravity and that concentration areas would be 
limited to a few acres. ° 

Further question is brought up by the difficulty of explaining by 
gravity alone ‘the action of wells. While in wells drilled into fissured 
limestones of the Tampico-Tuxpam area the salt water follows rapidly 
upon the exhaustion of the oil, this is not always true even in pools 
where the oil is known to be surrounded entirely by water. In a 
number of instances oil and gas have been found up the slope from 
areas in the same horizon that were devoid of liquids or gases of any 
sort. Yet their yield has been continuous over long periods. Simi- 
larly oil and gas have been produced under pressure from pools which 
are considered as being down the slope from unsaturated portions of 
the same horizons. Critics of the gravitational theory point out that 
such yields are not in keeping with that theory. 


1 Economie Geology, Vol. 4, p. 150, 1909, 
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Recent studies lead to considerable doubt as to whether the un- 
saturated dry portions are actually continuous with the producing 
areas even though they are in the same general horizon. Before it 
became customary to take cores, the only means of judging the poros- 
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Fig. 29.—Map showing Oil Wells in Sewickley Quadrangle, Pennsylvania. 
After Munn, M. J.: Econ. Geol., Vol. 4, p. 143, 1909. 
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ity of sands was by examination of the bit cuttings removed from the 
well or the small fragments thrown out by gas or adhering to the 
bottom of the bit. As already pointed out, porosity is not directly 
proportional to the size of the grain. Yet until recently porosity has 
been judged almost entirely upon that basis by drillers and even by 
many geologists. 

Secondly, it is questionable whether water is actually absent from 
so-called dry sections. Capillarity would serve to retain water in 
those sands in which it was not under high pressure or in which the 
capillary channels were of fine nature. 

The steady flow of gas and the slow flow of oil filtering into the 
bottom of a well indicate that the hydrocarbons are under pressure 
in the containing medium. Such conditions could not exist in un- 
saturated containers, unless the unsaturated container has been sub- 
ject to alteration subsequent to the accumulation of the oil and gas 
in it. Such alteration is to be expected, however. It is the natural 
accompaniment of continued compacting and the first stages of meta- 
morphism. In areas in which old and largely compacted sediments 
are the producers of oil, such as the Paleozoic rocks of the Eastern 
and Mid-Continent Provinces, compacting may be considered as an 
important agency in placing hydrocarbons under pressure subsequent 
to their concentration by gravitational means. The gas in such de- 
posits may in no small measure owe its existence to the same dynamie 
agencies. 

The Hydraulic Theory.—There still remain points that are not 
clear and are more easily and clearly answered by the utilization of 
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Ite. 30.—Cross-seetion of the Hundred-foot Sand in the Sewickley Quadrangle, 
Pennsylvania, along line A—~B. After Munn, M. J.: Econ. Geol., Vol. 4, p. 145, 
1909. 


forces other than the gravitational differences between oils and waters. 
As the hydraulic theory was the first of the substitute theories sug- 
gested and has received more publicity than the others, it should be 
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considered first. This theory was advanced by M. J. Munn? to ex- 
plain the irregularities in the oceurrence of oil throughout the Appa- 
lachian region. He considered petroleum to be formed during the 
decay of organic matter rather than subsequent to the burial of the 
sediments. He believed that the oil was held to the clay particles by 
adhesion. Water circulating through the more compacted clays and 
shales was considered to have been the agency breaking down the 
adhesion of clay and oil particles. After the oil had been freed, it 
was forced into the porous sandstones in the form of a more or less 
complete emulsion of oil and water. 

According to Munn, water moved through rocks mainly under the 
driving influence of the weight of a column of water behind it when 
the pores were large, and the squeezing, drawing, or pulling effect of 
eapillarity when the pores were small. In either case or in eases 
where the two forces worked in concert, the action was opposed by 
friction. Movement through the different portions of the same bed 
would not be uniform but would be most pronounced through the 
larger pore spaces and slowest in the rocks having the smallest open- 
ings. Hydraulic pressure appears to have been considered as the 
more important force in the theory; and the slower capillary move- 
ment, only utilized to explain movement when the hydrauhe element 
became exhausted by friction. 

The water moving in this manner would push ahead of it a con- 
siderable portion of the oil and gas contained in the beds and would 
occupy the space originally taken by them because of its greater 
capillary force. Movement through different beds would not be uni- 
form and would eventually result in zones of conflicting currents of 
water between which the oils and gases would be trapped and held in 
the more porous bodies into which they had been forced. 

Thus water passing through a shale largely by capillarity would 
force an oil into a sandstone where capillarity would be too weak to 
function. Pay streaks might be expected to occur in the more porous 
sections. Munn concluded that some pools would be formed solely by 
capillarity, others by hydraulic pressure, and a third type by a com- 
bination of the two agencies. While the pressure was originally due 
to the hydraulic and capillary forces that brought about the accumu- 
lation, it was considered as having been maintained by the expansive 
force of gas that accumulated with the oil or was formed subsequently. 
This gas was not able to diffuse because of the saturated condition of 


1 Economic Geology, Vol. 4, pp. 509-529, 1909. 
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the surrounding rocks. He suggested that if the individual pool owed 
its origin to hydraulic circulation, water would be expelled with the 
gas or oil; if solely to capillary action, the water would remain in the 
beds even though they were saturated with it. Rocks that contained 
no water were lacking in water solely because they had never been 
invaded by waters of the hydraulic type. 


| 
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Fig. 31.—Experiment showing gravitational and hydraulic segregation and 
accumulation of oil in sands of different textures. Tank 1 contained a relatively 
coarse pay sand (a) and tank 2 a relatively fine one (d). The cap sand (e) was 
water saturated. After Mills, R. Van A.: Econ. Geol., Vol. 15, p. 404, 1920. 


The first criticism of the theory as suggested by Munn is that of 
the use of the term ‘‘hydraulic’’ when the theory depends as much 
upon capillary phenomena as upon hydraulic action. Also the 
penetration of shales and clays by water with the freedom suggested 
is open to question. Waters in different horizons of fields where cir- 
culation of water is most pronounced show marked dissimilarity of 
character in closely allied horizons. The shale water in Salt Creek, 
an analysis of which is given on page 184, shows a difference in char- 
acter from the waters both above and below it not in keeping with 
the theory. Similarly the lenticular sand bodies in the Monterey 
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shales of the Valley Field of California contain connate waters bearing 
absolutely no relation to the waters in nearby and more pee 
horizons. 

The close similarity in the analyses of waters in the Appalachian 
field with ocean waters, as compared with the differences between the 
waters normal to oil horizons at Salt Creek and those of the ocean 
leads to the conclusion that circulation has been very slow if it has 
occurred at all in the older Paleozoic horizons. While the Appala- 
chian area was subjected to several periods of flooding before its final 
uphft, it does not appear that it was uplifted at any time sufficiently 
to permit the weathering of its deeply buried sediments and allow the 
removal of their original waters. Unless this be admitted, the move- 
ments postulated could not have occurred. 


(1) (2) 


Fig. 32.—Experiment showing differential movements between oils of differ- 
ent viscosities and water, under same conditions of hydraulic flow. Tank 1 con- 
tained relatively non-viscous Appalachian oil; tank 2 more viscous Mid-Continent 
oil, After Mills, R. Van A.: Econ. Geol., Vol. 15, p. 405, 1920. 


The importance of capillary action in forcing oil from shales into 
sandstones has already been mentioned. Its function in promoting 
concentration in the porous horizons may more properly be considered 
in discussion of the views advanced by Washburne. The suggestion, 
that water moving through sandstones or other porous rocks under 
hydraulic pressure will advance at different rates owing to differences 
in porosity in parts of the beds through which it passes, is logical. 
That it is capable of moving along in front of itself or carrying along 
with it a quantity of oil has been demonstrated by the success of 
water flooding operations in the Bradford district in Pennsylvania. 
To what extent it may be considered as causing permanent accumula- 
tions of oil is open to question. The areas in which circulation of 
water is most clearly shown are sections in which the accumulation of 
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oil is most definitely restricted to anticlinal and other areas favored 
by structure. 

This conclusion of Munn? will be generally admitted: “‘The struc- 
tural position of a pool may be said to depend upon the direction of 
movement of the invading water with reference to the dip of the 
rocks. If the course of the water was parallel to the dip of the rocks 
and the movement by hydraulic pressure, the position of the oil pool 
will conform closely to the structure lines.’’ 

His further conclusion, that if the water had a direction parallel 
to the strike, the pools may have no definite structural arrangement, 
is not sufficiently supported by evidence to be generally accepted. In 
both cases, permanent accumulation is likely to be found to coincide 
with areas that are structurally favorable. On the other hand, there 
is good reason to believe that moving water may be an important 
agency in hastening accumulation. It may also serve to determine 
the commercial importance of individual structures by altering the 
lines of drainage during the period of accumulation. 

The view of moving water as a modifying agency rather than a 
sole ageney of accumulation was advocated by E. W. Shaw? in 1917 
and later by J. L. Rich® in 1921. The former applied it to condi- 
tions in the Appalachian field and the latter to parts of the Mid-Conti- 
nent and Gulf Coast areas. The writer would consider its application 
even more probable in the Rocky Mountain areas where circulation is 
more clearly outlined, as in the Powder River Basin. 

Capillarity as a Means of Concentration.—While various writers 
had mentioned capillarity as a modifying agency in the accumulation 
of oil and Munn had utilized it in connection with hydraulic pressure, 
the first to consider capillarity as the prime means of concentrating 
oil was C. W. Washburne.* Briefly stated, his hypothesis is that 
water, which has a surface tension approximately three times that of 
oil, will tend to maintain itself in the finer pore spaces and to displace 
oil and gas from such pores and force them into the larger pore spaces 
of rocks. It will be noted that this does not necessarily mean into 
sections of greater porosity. Normally, however, the beds having the 
large interstices are also the beds of high porosity. 

The views of Washburne were supported by tests of the surface 


tensions and other capillary phenomena displayed by erude oils and 
1 Idem, p. 529. 
* Economie Geology, Vol. 12, pp. 610-628, 1917. 
8 Ezonomie Geology, Vol. 16, pp. 247-271, 1921. 
4A.I. M. B. Trans., Vol. 50, pp. 829-842, 1914. 
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their individual compounds. Experimental proof of the hypothesis 
was offered by A. W. McCoy.' In one experiment he placed a clay 
saturated with oil in contact with a sand saturated with water. The 
portion of the clay not filled with oil was filled with water. The oil 
tended to move into the sand, the water from the latter taking its place 
in the clay. This experiment was followed by others in which it was 


B. 


Fie. 33.—Diagrams showing accumulation of oil by capillary forces. A, Be- 
fore removal of partition, showing oil in shale marked ‘‘D.’’ B, After removal 
of partition showing oil partially replaced from ‘‘D’’ and accumulated in ‘‘ A.’’ 
After McCoy, A. W.: Jour. of Geol., Vol. 27, pp. 255, 256, 1919. 


demonstrated that oil would move along fault planes or similar open- 
ings toward porous sands from which they were separated at all other 
points by water-soaked clay or mud. 

This experiment consisted in placing in a glass box a water-soaked 
sand bed B in which layers of coarser sand A were placed. Two 
series of these coarser beds were made and placed at different levels 
to simulate the conditions adjacent to a normal fault. Above the 
sand, the water-soaked mud C containing a layer of oil-soaked mud 
was laid so that it occupied a position parallel to that of the sand lay- 
ers. When the beds were in place, the celluloid sheet, which repre- 
sented the fault and served to keep the material apart during the 
placing, was removed without disturbing the strata. Within an hour 
after the removal of the sheet, McCoy reports that oil began to collect 
in the layer of sand having the largest pores and continued to move 
into the porous layers until all of the coarse sand was nearly filled on 

1 Jour. Geol., Vol. 27, pp. 252-262, 1919; and Vol. 24, pp. 798-805, 1916. 
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each side of the plane representing the fault. Water had in the mean- 
time partly replaced the oil in the overlying oil-soaked mud. 

Capillary attractions decrease with increasing temperature and 
may therefore be expected to decrease with depth. Washburne con- 
siders that capillary action would lose half of its strength at a depth 
of 5,000 meters if the average increase of 1° C. for every 30 meters 
of depth is maintained. If increase in temperature were more rapid 
as seems to be the case in some areas, the decrease in capillary force 
would oceur sooner. As the surface tensions of oils decrease less 
rapidly with increasing temperature than do those of water, it is 
evident that capillarity will not be as effective a force at 3,000 or 
4,000 meters below the surface as it is at the surface. However, such 
depths are considerably greater than those reached in any of the wells 
drilled up to the present and may not have been reached by the sedi- 
ments in the Appalachian geosyncline at any time during their his- 
tory. 

Gas cannot be drawn into capillary openings by surface tension. 
While globules of gas imprisoned in minute pore spaces resist the 
entrance of water and their own displacement, they can readily be 
forced out of these pores into larger ones. The resistance to move- 
ment of diffused bubbles of gas or of bubbles of oil by water may be 
traced to the immiscibility of these substances with water. The oil 
and gas entering a water-saturated rock round off into bubbles, which 
are less able to move through the restricted openings connecting the 
larger pore spaces. It is questionable whether capillarity ean then 
be considered as an agency of movement of oils through nearly hori- 
zontal water-saturated rocks having the same size of openings. How- 
ever, where there are variations in the size of the pores, capillarity 
will force the oil and gas into the larger openings regardless of their 
position from the starting point. Pay streaks in sand bodies or in 
limestones, in which the oil and gas are definitely limited to thin 
coarse portions of horizons of much greater thickness, may be traced 
to eapillarity. Because of the resistance offered by immiscibility and 
relative viscosity, capillarity is much more able to function in beds 
that were originally dry or only partly saturated. 

The Function of Gas.—The difference in the resistance to separa- 
tion by either gravitational or capillary means given by natural gas 
and offered by oil is widely known. Because of the ease with which 
gas appeared to be concentrated, R. H. Johnson * suggested that mov- 


1 Science, New Series, Vol. 5, pp. 458-459, 1912. 
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ing gas was responsible for the ease with which oil had apparently 
moved through the pores of rocks. He considered the oil to be ear- 
ried as a film on the gas bubble. 

Gas is soluble in oil. The amount of gas held in solution is 
approximately proportional to the pressure exerted upon the gas. 
The buoyancy and decrease in resistance to movement of oils in strata 
under high pressure lend material aid to movement. In strata that 
are not under pressure, the disseminated occurrence of gas and oil 
particles opposes such motion through the action of immiscibility. 
The role of gas under pressure in promoting movement is widely recog- 
nized today in the application of back pressures to oil wells to prevent 
the loss of oil and in the introduction of air and gas into wells. The 
ability of gas to move oil, while dependent upon the amount of gas 
dissolved by the oil, may be considered as being also a function of the 
pressure. The movement of oil under the influence of dissolved gas 
is maintained only in largely saturated media in which there is no 
separation of dissolved gases through decrease in pressure. The im- 
portance of this factor was early recognized in processes of introduc- 
ing artificial air and gas pressures into wells to promote the movement 
of oil to centrally located pumping wells. 

Effects of Temperature.—Washburne pointed out the decrease 
in the strength of capillarity with increased temperatures when he 
proposed this force as a major one in the concentration of oil and gas. 
Increased temperature will bring with it reductions in viscosity that 
may have an important bearing upon the movement of oils at rela- 
tively moderate depths. Both the reduction in viscosity and capillary 
strength must be considered as favorable to accumulation following 
the lines laid down in the gravitational and the hydraulic theories, 
as such changes permit the full strength of gravity to be utilized. 

Effects of Diastrophic Movement.—Compacting of sediments 
through increasing static pressure plays an important role in causing 
the reduction of pore space in sediments and thus is directly or in- 
directly responsible for the initiation of the movements suggested. 
Dynamic pressure materially assists in compacting. According to 
L. Mrazeet and Marcel Daly,” the forces resulting from diastrophic 
movements in the earth’s crust are the most potent causes of the 
migration of oil and gas. The movement of liquids and gases is con- 

1 Les gisement de pétrole; L’industrie du pétrole en Roumarie; Ministére de 


Industrie et du commerce, 1910. 
2The Diastrophic Theory, A. I. M. E. Trans., Vol. 56, pp. 783-753, 1917. 
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sidered to have been initiated by differences in pressure within the 
erust caused by differences in the intensity of the diastrophie action 
in different areas, or irregularities in the manner in which different 
rocks react to that action. Movement is along the channels of least 
resistance. 

Diastrophie action is not sufficiently pronounced in many fields 
to be given such an important réle. While diastrophic movements 
must certainly be considered as having assisted in causing and direct- 
ing the movement of oil, gas, and water, it would seem inadvisable to 
consider them in any other réle than that. Certainly the evidence 
does not warrant the assumption that they were the most potent fac- 
tors in the accumulation of oil and gas. 

Pressure in Oil and Gas Horizons.—The pressure under which oil 
and gas are stored varies from field to field and from pool to pool. 
Pressures as high as 2,000 pounds per square inch have been reported 
in California, but such pressures are not common. The records of 
the initial pressures in oil-containing horizons have not been taken in 
most of the pools so that it is difficult to give any estimate of the 
average of such pressures and their relation to other conditions. 
Many oil fields are so far removed from centers where gas could be 
sold that little or no attention is paid to it. Im many eases in the 
past it has been permitted to flow wild for long periods. It is only 
in areas where the gas has a high market value that it has been eare- 
fully conserved and that gas wells have been closed in immediately 
after the sands were drilled into. Thus while numerous records of 
gas pressures are available, the number of cases in which the initial or 
first-day pressure of the gas is definitely known is not large. 

The records in Table 45 show a progressive increase in the pres- 
sures of gas pools with increased depths. Generally speaking, the 
pressures appear to be equal to somewhat less than the weight of a 
column of water of height equal to the depth of the well. This has 
led to the suggestion that the pressure is due to the hydrostatic head. 
This is undoubtedly true in cases where the horizon containing the oil 
is continuously porous over wide areas and reaches the surface. The 
assumption that hydrostatic pressure is the cause of pressures in oil 
and gas sands leads to the theory that all pressures should correspond 
to the relative depths of the wells below the surface. This would 
mean, if the water were pure, a pressure equal to .434 pounds per 
square inch per foot of depth, or 434 pounds pressure in a well of 
1,000 feet, 868 pounds in one of 2,000 feet, and so on, 
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TABLE 45.—INITIAL GAS PRESSURES IN REPRESENTATIVE POOLS. 


Pressure in 


Pool Sand pon een ae Authority 
Woodsfield, Ohio | Keener 1515 475 Mills & Wells; U. S. 
G. S. Bull. 693. 
Woodsfield, Ohio | Big Injun 1468 500 Mills & Wells; U. S. 
G. 8. Bull. 693. 
Woodsfield, Ohio | Salt Sand 1295 280 Mills & Wells; U. S. 
G.S§. Bull. 693. 
Woodsfield, Ohio | Berea 2090 710 Mills & Wells; U. S. 
G.S. Bull. 693. 
Butler, Pa. Hundred Foot 1400 780 Mills & Wells; U. S. 
G. 8. Bull. 698. 
Butler, Pa. Third Sand 1700 785 Mills & Wells; U.S. 
G. 8. Bull. 698. 
Butler, Pa. Third Sand 1452 600 Mills & Wells; U. S. 
G.S. Bull. 693. 
Butler, Pa. Fourth Sand 1800 870 Mills & Wells; U. S. 
G.S. Bull. 693. 
Butler, Pa. Fourth Sand 1568 225 Mills & Wells; U. S. 
G.S. Bull. 693. 
Butler, Pa. Fifth Sand 1950 870 Mills & Wells; U.S. 
G.S. Bull. 693. 
Cleveland, Ohio Clinton Sand 2500-2900] 800-1100) Rogers, G. 8.; U.S. 
G. 8. Bull. 661, p. 37. 
Newberg, Ohio Clinton Sand 3000 425 Vansitornes Hea ReeAe 
I. M. E. Trans., Vol. 
56, pp. 839. 
Findlay, Ohio Trenton Lime 950 400-450 | Orton, E.; U.S. G.S. 
8th Ann. Rep., p. 
645, 1889. 
Harve, Montana ? 947 490 Stebinger, E.; U. 5S. 
G. 8. Bull. 641, p. 73. 
DeSoto-Red Nacatoch, 725-975 | 300-350 | Matson & Hopkins; 
River, U.S. G. 8. Bull. 661, 
Louisiana pp. 122-123. 
DeSoto-Red “Oil Sand”’ 1660 700-1000 | Matson & Hopkins: 
River, below U.S. G. 8. Bull. 661, 
Louisiana Nacatoch pp. 122-123. 
DeSoto-Red Deep Gas 150 to 200 | 1000-1200} Matson & Hopkins; 
River, below oil U.S. G. S. Bull. 661, 
Louisiana sand pp. 122-128. 
Chickasha, — 3178 1200 Brandenthaler & 
Oklahama Campbell; O. & G. 
J., 5-20-26, p. 110. 
Panhandle, — Up to 400 O. & G. J., 5-27-26, 
Texas & Okla. 3100 approx. p. 120. 
Monroe, = 2275 1050 Bell Hee W450. . G. 


Louisiana 


J., 2-426, p. 58. 
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However, it is generally recognized that capillarity and friction 
prevent the full application of the hydrostatic pressure in any but the 
simplest forms of vessels. Furthermore, the water contained in oil 
and gas sands is not pure but has a variable percentage of salts. 
These tend to increase the weight of the water according to their na- 
ture and the percentage present. Thus the weight of a column of 
water one foot deep and one square inch in cross-section may be 
raised from .434 pounds to as much as .590. 

Increased density and loss of effectiveness tend to balance so that 
the well not infrequently shows a pressure closely approximating that 
of a column of pure water of the same depth as the well. In other 
eases the variations from the pressures suggested by the theory are 
so wide that the value of the well depth as an indicator of pressure is 
open to doubt. In some eases the pressure is materially higher than 
the theoretical, in others lower. Not infrequently the pressure seems 
to correspond more closely with that which would be expected if the 
elevation of the lowest point of outcrop of the gas-containing bed had 
been used instead of the surface at the well as the basis of estimating. 

Gas pressures can hardly be considered as due to present hydro- 
static heads if the pressures of water, gas, and oil, do not increase 
proportionally with depths in the same well. It is not uncommon for 
a well to penetrate a water-bearing horizon, which completely fills the 
hole; and later, after drilling another thousand feet or more, to strike 
a second water-bearing horizon that is capable of filling the hole 
only a few hundred feet. The pressures under which oil is found 
vary with the individual pool and well much more than with depths 
of those pools and wells. 

If present hydrostatic pressure be considered as the cause of the 
observed pressure in oil wells, it is difficult to reconcile the observed 
decline curve of the average well with the theory suggested. Cer- 
tainly exhaustion of the oil and gas contained in horizons cannot have 
so rapid an effect upon the hydrostatic pressure of the whole horizon 
as is indicated when a gas well’s pressure declines from a thousand 
pounds to less than a hundred, and an oil well, which had an original 
yield of several hundred barrels daily, becomes an insignificant 
pumper in a few months. Moreover, the decline of wells in horizons 
that are definitely known to be lenticular and not in any way econ- 
nected with the surface is not materially different from the decline of 
wells producing from continuous horizons. 

In all sand-producing horizons eapillarity is apparently of major 
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importance in restricting the movement of water behind oil and eas 
as they escape to the surface through wells. This is naturally most 
marked in the tightly cemented sands of low pore space. In the ex- 
tremely porous sands, such as those of many of the pools in California, 
Russia, and the East Indies, the water follows close behind the 
escaping oil and gas and tends to fill up the pores and maintain the 
pressure. This tendency is even more marked in the porous chan- 
neled lime horizons of the Tampico-Tuxpam area of Mexico and of 
Maidan-I-Naftun in Persia. There hydrostatic pressure may be said 
to be truly the explanation of the pressure and the nature of the move- 
ment of the oil from the horizon. 

As the sediments in most of the oil fields are relatively free from 
diastrophic movements at the present time, their pressures cannot be 
considered as due to present movements. As we have already seen 
that pressures do not conform to the depth of wells nor to the hydro- 
static pressure that would be normal to those depths, we are forced to 
the conclusion that the pressures were developed in past time. This 
calls for an explanation not only of the origin of the pressure but of 
the means of preserving it as well. 

Both explanations of the origin and the manner of preservation 
vary with the theory of the origin. Strictly speaking, the develop- 
ment and retention of pressure according to the gravitational theory 
depend solely upon hydrostatic pressure. In porous, unsaturated beds 
rising to the surface, there can be no pressure greater than the present 
hydrostatic pressure. In small porous unsaturated lenticular beds 
that do not outerop and have never outcropped since their formation, 
there cannot be any true pressure upon the gas and only shght pres- 
sure upon the oil. 

However, the reduction of the volume of the pore space subsequent 
to the accumulation of the oil according to gravity may bring the 
liquids and gases under compression. In addition, pressures may be 
considered as being developed by the expansion of the volume of the 
oil and gas through conversion of oil into gas under the influence of 
diastrophie agencies. If the evaporation of water be admitted, salts 
deposited may be considered as acting as cements to assist in the re- 
tention of the oil and gas in its original position during subsequent 
compacting and generation of gas. Unless there is considerable circu- 
lation of water after the accumulation of oil and gas, the amount of 
cement added to the sand from outside sources must be considered as 
of minor importance. In some areas such as the Valley Field of Cal- 
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fornia, the reaction of the oil with the substances contained by the 
waters coming in contact with it has formed asphalt and tar seals 
capable of restraining considerable pressures. 

The pressures developed by the capillary properties of oil and 
water are not definitely known. It is hardly probable that eapillarity 
is responsible for the extreme pressures that occur in a number of 
oil fields. In some areas it may have been the cause of relatively low 
pressures. Capillarity may be given a much more important position 
in conserving those pressures through time. The inability of wells to 
extract more than a relatively small percentage of the oil contained 
in the oil horizon originally by ordinary methods is adequate testimony 
to the tenacity with which the oil is held by the minute openings in 
the rocks after it has once reached them. Water, having a surface 
tension three times as great as oil, must resist removal from minute 
pores of fine grained sandstones to an extent of which we have but 
little comprehension. In the production of oil from pools in which 
water under hydrostatic head surrounds the oil, capillarity prevents 
the water from pushing the oil forward and maintaining the pressure 
after the gas has been largely removed. Capillarity may be held 
responsible for the maintaining of pressures, despite the fall of the 
hydrostatic head, because of surface erosion for some time at least. 
Coupled with hydrostatic pressure it is capable of restraining the in- 
creased pressures developed in oil and gas horizons through ecompact- 
ing of strata and dynamic alteration of the oil. 

In horizons in which the size of the pores is subject to wide varia- 
tion, the force of capillarity acting through water should serve to 
isolate the different portions and preserve in each the pressures gen- 
erated by other agencies. In compacting of such strata and of true 
lenticular beds, capillarity must be considered as of first importance 
in bringing such pressures into existence. Such pressures ean be 
considered as directly proportional to the saturation of the original 
bed and the amount of the compacting. 

According to the diastrophie theory, pressure is generated in the 
movement and is directly proportional to the resistance that is offered 
to the movement of liquids and gases by the strata themselves. Un- 
less one of the agencies mentioned is utilized to maintain that pressure, 
it must necessarily become disseminated in all but lenticular beds. 
The hydraulic theory of Munn apparently depends mainly upon 
capillarity to preserve the pressures of the oil and gas pools after 
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they have been formed but considers them as being formed either by 
capillarity or hydraulic pressure. 

Summary.—From the evidence offered the writer feels that the 
gravitational theory must remain the basis of all theories of the aceu- 
mulation of oil in reservoirs of commercial value. Its modification 
to suit the conditions in individual areas is in keeping with the differ- 
ences in the geologic histories of those areas. It must be admitted 
that capillarity is important in causing the development of pay streaks 
in sections where strata are so nearly horizontal as to reduce materially 
the effective force of differences in gravity and where differences in 
porosity are sufficient to make capillarity an effective force. Simi- 
larly the action of gas in increasing buoyaney and decreasing the 
resistance to gravitational movement must not be discounted. Moving 
hydraulic water does not appear to be a satisfactory substitute for 
gravity as a controlling agency of concentration, but must be consid- 
ered as an important agency causing circulation and directing the 
movement of oils and gases within porous beds to areas in which they 
may be permanently imprisoned. 

Again, hydrostatic pressure would appear to be the underlying 
pressure in all fields. We must include, however, not merely the 
hydrostatic pressures now measurable in the fields but also the hydro- 
static pressures that may have existed during periods when the beds 
were more deeply buried than they are today. While admitting the 
possibility of absolute dryness of many beds that produce oil and gas 
in other areas, the author is of the opinion that capillary water or 
lenticularity divides them from the producing areas. Kven assuming 
dryness, capillarity would tend to maintain some pressure. The hy- 
draulic pressure of Munn must be considered as being limited by, 
although not necessarily equal to, the hydrostatic pressures existing 
at the time of the circulation. Higher pressures than those postulated 
by hydrostatic pressures now in existence imply the retention of 
higher pressures produced by compacting and dynamic alteration of 
either the hydrocarbons or the strata containing them under the in- 
fluence of capillarity or of cementing materials. Lower pressures in 
non-continuous strata, or in strata of varying porosity, indicate the 
inability of the full hydrostatic head to become effective because of 
the imperviousness of the beds surrounding the container rocks, 


CHAPTER IX. 


THE REPRESENTATION OF STRUCTURAL CONDITIONS. 


Before the development of the gravitational theory of the accumu- 
lation of oil, structural mapping was of the most general nature. 
But with recognition of the great possibilities of obtaining production 
in the ‘‘highs,’’ or upfolded areas, in contrast with the “‘lows,’’ or 
basinal areas, came more careful and exact study of structural condi- 
tions. The technic of the petroleum field geologist of today is of 
much higher order than that of his predecessor at the opening of the 
present century. Similarly the methods of representing geologic 
conditions have been changed and improved. Today the methods of 
representing structure in oil fields may be said to include the follow- 


ing: 


Actual photographs. 

Surface geology maps. 

Strike and dip symbol maps. 

Contour maps, including surface and subsurface. 
Cross-sections. 

Stereograms. 

Models—peg, plaster, ete. 


ee ee 
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The geologic structure of an area differs from its topographic 
character in that the latter includes only the physical form of the 
surface while the former includes the attitude of the rocks regardless 
of whether or not they are visible at the surface. In fact, geologie 
structure deals primarily with conditions within the crust rather than 
on its surface. Topographic and geologic strueture may in some areas 
be quite similar. In areas of comparatively recent geologic origin 
the upfolds or anticlines frequently correspond with the ridges and 
hills. Similarly downfolds or synclines are likely to cover the same 
general areas as the topographic valleys. This relationship, one of 
value in reconnaissance work in many areas, does not hold where the 
rocks are older. Forces of erosion find the upfolded or mountainous 
areas much less resistant to their action than the synelinal valley 
sections and rapidly reduce them to the level of the valleys. Once 
so reduced, erosion finds that the systems of joints in upfolded strata 
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are of much greater assistance to further weathering than those of 
the synelines. Thus, in Paleozoic horizons in which erosion has been 
active for many periods, the valley and the stream bottom are as 
frequently the indications of geologic ‘‘highs’’ as they are of ‘‘lows.’’ 

Photographs.—F rom this it may be deduced that the camera is 
not a very reliable geologic instrument for structural work and the 
photograph of a region cannot be depended upon to indicate its geo- 
logic structure. Exceptions to the rule are numerous, but usually 
the attitude of the underlying rocks is so obscured by inequalities in 
erosion and by concealing soils, either formed by weathering or de- 
posited by surface agencies of recent activity, that the actual photo- 
graph receives but scant attention. 

Surface Geology Maps.—While seldom used in the final location 
of test wells, the surface geology map forms the background for all of 
the more detailed work essential to the outlining of the exact form of 
the structure. The true surface geology map shows only one thing 
directly—the areas occupied by the rocks of the different geological 
formations. It is not primarily an instrument for showing structure. 
Yet in a broad way it is an excellent structural indicator. The broad 
basinal form of the western plains of Texas, Oklahoma, Kansas, and 
Nebraska, is clearly outlined. Similarly the gradual slope of the 
sediments in the coastal plain of Texas and Louisiana toward the Gulf 
of Mexico is almost as clearly indicated as it would be by a contour 
map. The geanticlinal uplift of the Cincinnati arch in eastern Indi- 
ana and western Ohio shows clearly on even the most general maps. 
The broad and high uplift of the Caucasus shows strikingly upon the 
geologic maps. In examples of this type the structural conditions 
outlined are of the broadest and most general character. They are 
so pronounced as to be clearly evident despite irregularities in topog- 
raphy. 

With decreasing intensity and extent of the structural configura- 
tion, the topography takes on added importance. Even if the rock 
surfaces are exposed sufficiently to make it possible to outline the 
extent of the individual formations or their subdivisions with a fair 
degree of accuracy, the interpreter of the map must carefully con- 
sider the relationship of those outcrops to the topography in making 
his deductions. In regions of highly folded Tertiary and Cretaceous 
rocks, differences of a few feet in the vertical scale are not normally 
of great importance. The geologic folds, even where small in areal 
extent, are commonly of such intensity as to determine the character 
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of surface rocks regardless of minor differences in surface elevations. 
In the more gently folded oil-yielding areas of the Paleozoic, even the 
most insignificant differences in surface elevations may serve to hide 
completely the most favorable structural conditions. 
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Fig. 34.—Surface geology map of a strongly folded anticline. An anticline on 
Old Woman Creek, Converse County, Wyoming. After Darton, N. H.: U.S. G. 8. 
Bull. 691-A, p. 24, 1918. 


In Pennsylvania and Oklahoma, oil and gas are frequently taken 
from structures whose closure—the vertical distance between the 
highest point of the fold and the lowest horizontal line which can be 
drawn in the same bed that contains the crest and still completely 
encircle that crest—is less than ten feet. In the Rocky Mountain 
Provinee, the structure that does not have a closure of at least two or 
three hundred feet is abnormal. Some having closures of more than 
a thousand feet have been mapped. 

If all surfaces were perfectly horizontal, surface geology maps 
would be as good a means of location of test holes as the contour map. 
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Every outcrop that could be identified as being older than the rocks 
surrounding it would be a geologie high. Conversely, every outerop 
surrounded by older rocks would be a geologic basin. However, the 
surface is not perfectly horizontal, and in sections like Pennsylvania, 
the outeropping older rocks may oceupy the central locations and yet 
be the centers of synclines because of the slightly greater effectiveness 
of erosive forces there than in the areas surrounding. 

Strike and Dip Symbol Maps.—The first improvement over the 
simple surface geology map came through the use of strike and dip 
symbols. The dip of a bed may be defined as the angle of inclination 
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Fig. 35.—Map showing surface geology, strike and dip readings, and struc- 
tural contours in the Buffalo Basin area, Fremont County, Wyoming. After 
Collier, A. J.: U.S. G: S. Press Notice, April 22, 1922. 


of the bed with the horizontal plane. It is taken at right angles to 
the strike. This may be considered as the line of intersection between 
the bed and the assumed horizontal plane. Strike and dip readings 
may be taken with fair accuracy where the dips are large; that is, 
above five degrees. Where the dips are only one or two degrees and 
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differences are correspondingly slight, the accuracy of dip readings 
may be questioned. In sections where massive beds of rock show at 
the surface but in which individual beds are not continuous over a 
sufficient area to make it possible for the geologist to make definite 
identifications, the strike and dip method of mapping may be the only 
method which can be used. Dips are represented by arrows pointed 
in the directions toward which the inclined beds slope. The angle of 
the dip is usually marked on the map close to the arrow. A line per- 
pendicular to the dip line represents the strike. 

Strike and dip mapping has the element of rapidity in its favor. 
In sections where the dips are pronounced, a capable geologist can 
determine the outline of the structure with a reasonable degree of 
certainty. In all but the most gently sloping areas, it forms an excel- 
lent method of determining the sections that are worth more thorough 
examination. Errors of observation even in the most careful work 
tend to cast doubt upon the value of reports basing recommendations 
entirely upon such data. For this reason very few maps are drawn 
from strike and dip readings in sections of low dips. 

Contour Maps.—In one sense every contour map may be con- 
sidered as a subsurface map as it shows the attitude of beds below the 
surface as well as the position of the points of a selected outcropping 
horizon. In many cases the contour map includes the attitude of 
imaginary rocks. This usually means that portions of a bed are con- 
toured despite the fact that they have been removed by erosion. This 
can be justified if their relationship to underlying beds, which have 
not been removed by erosion, is known. 

The term ‘“‘subsurface’’ is generally limited to the map con- 
structed from data suppled by reeords of wells that have drilled to 
considerable depth. Between it and the true surface contour map 
of the geologist, which is based solely upon data observable in the field, 
is an intermediate type. This is based upon data supplied by shallow 
test holes that have been drilled or dug in sections which, for one rea- 
son or another, have been considered as of special promise but in 
which the surface data are not sufficiently conclusive to warrant final 
recommendations. Dug holes are naturally of limited depth. Drilled 
holes may be carried to depths of more than a thousand feet before a 
satisfactory prominent marker horizon is reached. Usually they are 
only two or three hundred feet in depth. The bulk of drilling of 
this sort is being done today with the diamond drill, but small churn 
drills have been used in some eases. 
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Fie. 36.—Map showing structural contours and areal distribution of rocks 
in the Powder River anticline. After Wegemann, C. H.: U. S. G. 8. Bull. 471, 
p. 56, 1912. 
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Contour maps are constructed in the same manner regardless of 
the type of the data upon which they are based. The contour map 
may be called the topographic map of an individual bed. It may be 
the outline of the top of the bed, its bottom, or of some particularly 
prominent ledge in the bed. The exact part of the bed chosen depends 
upon the relative ease and accuracy with which observations may be 
made upon the several parts. 

As in the making of topographic contour maps, it is impossible to 
connect all points of the same elevation because of the maze of lines 
resulting. Therefore all geologic contour maps are drawn on definite 
contour intervals. The most commonly used in areas of moderate and 
low dips is the ten-foot interval map. In this, lines are used to indi- 
cate differences of ten feet. Where dips are high, twenty-foot, twenty- 
five-foot, fifty foot, and even one hundred-foot, contour intervals may 
be found practical. The choice of interval is important. Maps 
drawn upon a hundred-foot interval in the Eastern and Mid-Continent 
areas of the United States would show very few of the structural 
conditions which determine the aceumulation of oil in those areas. 
On the other hand, the ten-foot interval map is not needed in the 
Rocky Mountains, in southeastern Persia, or in the Valley Field of 
California. The data needed for such maps in these areas would eall 
for extremely detailed work. In fact, it is doubtful whether, from 
the very nature of the strata and the abundance of places where out- 
crops are concealed by the soil, such a map could be drawn with any 
degree of accuracy. Certainly the map would eall for the expenditure 
of time and money wholly incommensurate with its value. 

Errors in Mapping—The neatly drawn contour map often gives 
an impression of accuracy that is not warranted. Errors in such 
maps are of three types: errors of geologic observation, errors of me- 
chanical observation and calculation, and errors of interpretation. 
The observations of the geologist are made upon outerops of beds that 
are seldom continuous over a large area. The outcrops of the same 
bed frequently differ considerably at different points. Differences in 
lithological characteristics make it hard to identify individual hori- 
zons whose outcrops are not continuous. Marked variations in thiek- 
nesses Within short distances make difficult the selection of correspond- 
ing points within the bed for observation. The exposure of a rock 
is the result of weathering. Irregularities in weathering, due to the 
less resistant character of underlying beds, may cause the bed that is 
being mapped to slump and assume abnormal positions. Such errors 


STRUCTURAL CONDITIONS 215 


of observation decrease with care and experience, but absolute aceu- 
racy is practically impossible even in sections where outerops are most 
favorable. 

Errors of mechanical observation and calculation vary with the 
nature of the instruments used. The contour map prepared from 
data compiled by a geologist working with an aneroid can never equal 
in accuracy the work done by competent men with a plane table and 
an alidade. In turn, the plane table and the alidade are less accurate 
than the surveyor’s transit. The refinement of the last is so high as 
to lead to questioning its desirability as a working instrument when 
the actual geologic observations may be three or four feet off. Greater 
refinement in observations calls for slower work and higher costs. As 
the use of the engineer’s transit cannot remove the doubt as to the 
accuracy of the actual geologic observation, it seldom adds sufficient 
value to the observations to. pay for the added cost. Because of this, 
observations made with the plane table and the alidade must for all 
practical purposes be considered as the standard for accuracy in 
petroleum geology. The map prepared from such data by competent 
men must then be considered as presenting the most accurate informa- 
tion possible. 

Aneroid barometers are affected by changes in atmospheric condi- 
tions as well as by changes in altitude. Unless two barometers are 
used, one being kept at a control point and readings made at short 
intervals, the geologist is forced to return to a control point frequently 
to determine the extent of the atmospheric variation. In addition the 
barometer itself is not as accurate an instrument as the alidade. 
Where the country is sufficiently open to permit frequent and rapid 
returns to the control points, or the differences in elevations are great 
enough to neutralize the variation due to atmospheric conditions, the 

-aneroid is a satisfactory instrument upon which to base the contour 
map. A somewhat greater range of usefulness is given where the 
control barometer is used or where the observer is able to check his 
observations with topographic maps covering the area in which he is 
working. In regions of low dips its value is largely restricted to 
checking in order to find major errors and to making traverses into 
places that can be reached only by the plane table with great difficulty 
and loss of time. In areas of moderate dip it is a satisfactory recon- 
naissance instrument, but even in such areas it is desirable to check 
the observations made by using the plane table outfit before the final 
map is prepared. 
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The personal element enters into all instrumental observations and 
calculations. Theoretically the personal error should not exist, but 
one must admit that it does. When a definite structure is outlined 
by a reputable geologist, he usually checks both observations and 
calculations so carefully as to reduce this type of error to unim- 
portance before submitting his finished report. However, the locating 
of structures and the taking of leases is frequently hurried by com- 
petitive operations, and the desirable rechecking cannot be made. 

Assuming that errors in geologic and instrumental observations 
and caleulations are negligible, there remain the errors in interpreta- 
tion. While the expression ‘‘error’’ is justified here in some eases, 
it should not be used in all. The geologist who fails to interpret 
adequate data correctly should undoubtedly be charged with an error 
in judgment. The geologic data available in most cases is meager 
compared with that which is desired and is really necessary before 
absolutely positive statements can be made. The limited number of 
outcrops ana the wide spaces where no outcrops occur make it imposs 
ble for the geologist to determine the existence of minor flexures in 
advance of the drill. In attempting to reconstruct the picture of 
structural conditions, the geologist must depend upon his own experi- 
ence and knowledge of the experience of others under similar condi- 
tions. Thus differences in the interpretation of the same data by 
men of high standing are frequent. Drilling may prove the inter- 
pretations of all to be wrong. Yet it is hardly fair to say that failures 
to make correct interpretations of incomplete data are mistakes which 
should be held against the geologist making them. However, this 
does not excuse the making of guesses based on evidence that is not 
sufficient to warrant logical interpretation. 

The Columnar Section —It is seldom possible in the making of 
a surface contour map to rely entirely upon the observations made 
upon the outcrops of one bed. Not only may one bed fail to show at 
the surface over a sufficiently large area, but there may not be a 
sufficient number of outcrops of any single bed in one area to make 
it possible to base the map upon that one alone. Thus the geologist 
may be forced to make observations simultaneously upon two, three, 
or even more beds, later resolving all of the observations into eleva- 
tions on the bed upon which he bases his structural maps. In general 
the vertical distance between two beds is practically the same through- 
out the area mapped. The observation of that distance may be made 
easily where cliffs are high and practically vertical. It calls for con- 
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siderable extra and difficult work where the country is relatively flat 
and the outcrops of the different strata are found at points at some 
distance from one another. The columnar section shows the relations 
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Fig. 37.—Columnar section of rocks exposed in the Ranger oil district, Texas. 
After Reeves, Frank: U.S. G. S. Bull. 736, p. 115, 1923. 


arrived at and indicates the values that the geologist has used in mak- 


ing his contour map. ; 
The columnar section of the surface geologist should be identical 
with the record of the well or test pit sunk at a point where the forma- 


tions observed at the surface dip below the surface. 
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Well Logs.—The record of rocks penetrated by a well is known 
as the well log. Most wells are drilled primarily to reach the oil- 
containing horizon and to determine directly its value. An increasing 
number are being drilled to shallow depths to give information upon 
which more careful structural maps can be based, and to avoid deep 
costly failures, due to inadequate structural data. The logs of wells 
drilled by different methods vary greatly in value. The most desir- 
able record is the one that is prepared by a competent geologist after 


TABLE 46.—ROCK COLASSIFICATION.* 


Rotary- Cable- : - 
General Class drillers’ Use in Rotary System drillers’ Use in Cable-tool System Shera 
Term Term 
Gari errs Sand Any uncemented sand. Sand Any uncemented sand; | Sand 
also many slightly ce- 
mented sands or very 
; porous formations. 
Water sand | Sands, the samples of | Water sand| Sands producing water. | Sand 
which appear clean and 
bright. 
Sands tested and found 
to produce water. 
Quicksand | Sands that cave and | Quicksand | Sands that cave and | Sand 
settle rapidly. settle rapidly. 
Heaving Sands that cave and are | Heaving Sands that cave and are | Sand 
sand forced up the hole. sand forced up the hole. 
Oil sand Sands or other porous | Oil sand Sand or other porous | Oil sand 
formations containing oil. formation containing oil. 
Gas sand Sands or other porous |} Gas sand Sand or other porous | Gas sand 
formations containing oil. formation containing gas. 
Gravel, boulders .} Gravel Any formation havng the | Gravel Correctly used. Gravel 
feel of gravel while 
drilling. 
Boulders Large locse pieces of any | Boulders Correctly used. Boulders 
formation. i 
Clay. shale... .<. Clay Clay or soft shale; usually | Clay Correctly used. Clay, or 
not sticky. sandy clay. 
Gumbo Soft sticky clay. Gumbo Soft sticky clay. Clay 
Shale Formations having paral- | Shale Consolidated clays. Shale 
lel bedding. 
Consolidated 
formations... . Rock * | Any consolidated forma- | Rock Term not used. Rock 
tion. 
Gas rock Any rock formation con- | Gas rock Term not used. Rock 
taining gas. 
Chalk rock | Applied to light-colored | Chalk rock | Correctly used. Chalk 
chalk only. 
Sand rock Terms used interchange- | Sandstone | Correctly used. Sandstone 
sandstone ably for all cemented 
formation. 
Packed sand | Loosely cemented sand. Packed sand | Correctly used. Sandstone 
Shell Thin layer of hard ma- | Shell Thin layer of hard ma- | Rock 
terial. terial. 
Shell rock Any consolidated forma- | Reck with | Formation containing | Rock with 
tion containing fossil | shells shells. shells 
J shells. 
Flint or Any very brittle rock. Flint or Correctly used. Flint 
flinty rock | flinty rock 
Limestone _ | Limestone, also hard shale.| Limestone Correctly used. Limestone 
Lignite All fossil wood. Lignite Correctly used. Lignite or 
fossil wood 
Gypsum Correctly used when rec- | Gypsum Correctly used. Gypsum 
ognized also reported as 
limestone or shale or 
- sticky gumbo. 
Miscellaneous. ...| Shells Fossil shells. Shells Fossil shells. Fossil shells 


* After Knapp, A.: A. I. M. E. Trans., Vol. LXV, p. 428, 1921. 
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examination of the cores taken by a diamond drill. Steel shot drills 
furnish cores comparable in value with those of the diamond drill but 
have not been favorably received by oilfield operators because of the 
mechanical difficulties connected with their use. 

The standard or cable drill is used in all areas where highly con- 
solidated and cemented sediments must be penetrated. It is not en- 
tirely satisfactory as a geological instrument because it yields only 
cuttings for observation. From time to time a few hand samples 
are available. These are most frequently cavings whose exact depth 
is unknown and whose value is therefore questionable. Sometimes 
partly consolidated pieces adhere to the bottom of the bit, but the 
recovery of such fragments is not frequent enough to make them 
dependable sources of information. Unless contaminated by cavings 
the samples recovered by the cable driller do give considerable in- 
formation about the rock that has been penetrated. Its composition 
may be determined by physical or chemical tests. The depth from 
which it comes may be determined within a few inches, if necessary. 
The feel of the drill and the wear on the bit give a good indication 
of the relative hardness and degree of cementation of the strata as a 
whole. 

Logs of wells drilled with the rotary have never been considered 
as equal in value to those of the standard outfit. Instead of removing 
cuttings with a bailer, the rotary depends solely upon the flushing 
action of the circulating mud fluid. This means that the samples are 
not only thoroughly mixed with the drilling mud but arrive at the 
surface a considerable and variable period after the drill has passed 
through the formation. A careful sampler working with an inter- 
ested driller who records every change in action of the bit ean produce 
a reasonably accurate log: However it is never entirely satisfactory. 

The greatest drawback in exploration with the rotary is the ee- 
menting action of the mud fluid. Mudding up of the walls of the 
well is absolutely essential to prevent caving. However, this mudding 
action tends to seal off oil, gas, and water. The location of water- 
bearing sands may be of no importance in most eases, but in some it is 
important to know this before attempting to shut out the water and 
test the oil horizon. Frequent failures to log oil and gas horizons, 
even when under substantial pressures, have caused the geologist to 
have little faith in the ordinary rotary outfit as a prospecting instru- 
ment. 
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TABLE 47.—COMPARISON OF DRILLER’S RECORD WITH GEOLOGIST’S DESCRIPTION. 
Part of record of well No. 4 of the Hope Water & Light Company 


drilled at Hope, Arkansas.* 


Depth at 
Age and which 
formation. | sample was 
obtained. 


Description of samples. (By H. D. Miser. No 
samples above 565 feet were preserved.) 


Driller’s record. 


Material. Thick- 
ness. 


Feet. 
1,495-1,501 
1,501-1,585 


Upper 
Cretaceous. 
Bingen 
formation. 


A drab-colored micaceous sandy clay. 

Mixture in about equal amounts of micaceous sandy 
greenish-gray earth and micaceous calcareous glau- 
conitic sand containing some small kaolinized feld- 
spars here and there. There are a few small 
erystals of pyrite. 


——E 


1,585-1,595 


1,595-1,610 


1,610-1,675 


1.675-1,700 


1,700-1,720 
1,720-1,735 


1,735-1,750 


Lower Cretaceous. 
Trinity formation. 


1,750-1,758 
1,758-1,780 


1,780-1,820 
1,820-1,825 


1,825-1,835 


1,835-1,852 


Mixture of drab clay with a smaller amount of red 
clay. Still smaller amounts of pyrite, quartz sand, 
and a few fragments of shells are present, but these 
are probably foreiyn. 

Mixture of red clay, chiefly, with some sandy drab- 
colored clay and loose glauconitic quartz sand. 
All but the red clay are probably foreign. 

Main constituent is red clay; the minor constituents 
are drab-colored sandy clay, sand, pyrite, and 
lignitiferous matter. Three specimens of forami- 
nifera were found. 

Fine angular quartz sand makes up most of sample, 
though there is some red clay and some dark clay. 
Three specimens of foraminifera found. 

Drab-colored, slightly calcareous clay and some pieces 
of red clay. 

This sample is so mixed that the character of the rock 
can not be determined. It consists of dark clay, 
calcareous gray sandstone containing abundant 
earbonized wood, red clay, pieces of limestone or 
shells, and much pyrite. 

Sample consists mainly of brown fine quartz sand. 
Some pieces of sandstone having a calcareous 
cement are present. Some pyrite was seen. One 
foraminifer found. 

Red and geenish clay, mainly red. 

Brown fine quartz sand with a little pyrite. Few 
pieces of red clay, and the other rocks are probably 
foreign. Some pieces of sandstone present. 

Gray fine angular quartz sand. 

Pyrite abundant; one piece of woody matter partly 
replaced by pyrite; good many comminuted shells, 
much quartz sand, which makes up half of sample; 
and both red and dark clay. 

Fine gray sand mixed with some calcite. This may 
be from a calcareous sandstone. There is one 
large piece of fossiliferous calcareous sandstone 
containing fine particles of disseminated pyrite. 
Some red and drab clay are present. 

Fine gray quartz sand and some calcite (probably 
calcareous sandstone). Very few pieces of dark 
clay present. 


Shale, blue 30 
Gumbo 10 
Shale, sandy 45 


Gumbo, red 20 


Rock, hard 10 
Gumbo 35 
Rock, soft 25 


Rock, hard 25 


Shale, blue 20 
Rock, hard 30 


Gumbo 5 
Shale 25 


Rock, hard, 215 
white; salt 
water at 
1,920-1,975 
feet. 


1,995 


* After Miser, H. D. and Purdue, A. H.: U.S. G. 8. Bull. 691-J, p. 


286, 1918. 


In the last few years this has led to the practice of taking samples 
and cores with hollow bits in practically all important tests in rotary 
drilled areas. Coring now makes it possible to obtain a more com- 
plete record with the rotary than can be obtained with the cable tools. 
Core-taking devices have been materially improved in the short period 
since their value became recognized, but coring is still a slow and 
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TABLE 48.—GroLoGIsT’s Log or A Part oF 4 WELL DRILLED WITH 4 DIAMOND 
Dritt. Log of well on the Rutherford farm in central Mlinois as 
interpreted by the Ilinois Geological Survey. Data obtained 
from drill cores have been italicized.” 


Sam- take 
ple Description of samples ee Depth 
No. 


Op ime ft eeein. 
1 | Sandstone: Dark gray, shaly and’ micaceous, a red chert nodule (caving?) 
at 158 ft. 6 in.; se lenreoiid hard nodule at 160 ft., with a similar layer 3 in. 


thick’at Gl {taseeees ee ee ee 5 -2|)) 162 
la} Shale: Slightly sandy, gray, in. pyrite nodules at 163ft.; dolomitic, hard 
nodules at 165 ft. Olin S20 oo oe eee ae me ee ee eee eee 4 162 


2| Shale: Gray, quite pure, thin laminz, easily split into }4-in. segments of 
core; dolomitic hard nodule at 165 ft. 9in.; }4-In. somewhat pyritic band at 
168 ft. 6 in.; 4-in. brown (dolomitic and massive) band at 170ft___----------- 4 170 
3 | Shale: Dark gray (blwe shale), otherwise like No. 2; a few slickensided surfaces 
at about 174 ft.; some dull brown bands Ca 34-in., harder and of less regular 
fracture thatthe testas sss ee nee ee eee v8 177 «6 
4 | Dolomite: Brown, slightly calcareous and argillaceous, massive, like the 
34-in. bands of No. 3; contains plant remains in fragments, some pyrite grains 
and siliceous pyrite veinlets, with some galena__----_----------------------- 10 17 
5 | Shale: Dark blue gray, otherwise like No. 3; shows a few tiny fragments of 
fossils at 181 ft.; 84-in. dolomite at 183 ft. 7 in.; 3-in. dolomite at 186 ft. 6 in.; 
2-in. dolomite at 184 ft. 10 in.; 2-in. dolomite at 185 ft. 2 in.; 2-in. dolomite at 
185 ft. 6 in.; 2-in. dolomite at 186 ft. 7 in.; 1-in. dolomite at 186 ft. 10in., irregu- 
lar contact pyrite; 1-in. dolomite at 187 ft. 10 in.; 4-in. dark shale at base—a 
near-coal band with some pyrite replacement of plant remains; 2{t. 6in. shale 
much darker gray, essentially black, broken by 1-in. dolomitic shaly band 


at 187.f0. 10 ime (187 ft. 8'ins 0190 tt 2 in.) S22 Se a 11 10 190 2 
6 | Shale: Dark gray, sandy and micaceous, with interbanding of thin, arena- 

ceous lenses\lighter in\color==— = oo ee noe eee een eee eee i 195 11 
7 | Shale: Dark gray, clean, probably grading in 3 in. to No. 8 (core misplaced 

from. 197 {tbo 107 St. te Be ee ee ee eee Ce i) 197 8 


8 | Shale: Sandy, gray, micaceous, with a few more thin sandy lenses; also dolo- 
mitic concretions (?) as noted: 1-in. dolomitic concretions (?) at 199 ft. 6 in.; 
2-in, dolomitic concretions (?) at 199 ft.7 in., pyrite veinlet; 2-in. dolomitic con- 
cretions (?) at 199 ft. 11 in., graded from about 198ft. toa pure shale at 201 
fti.7 ins, sharp. contact Delows- 5s 58 2 ee ae ees ee eee 3 cit 201 7 
9 | Sandstone: Dirty gray, micaceous, some plant fragments carbonized, shaly 
streakscross-bedded; 6-in. band slightly lighter in color, no gradations above 
or below, slightly coarser at 205 ft. 0 in. to 205 ft. 6 in-______.-----_--_-__-- 4 8 206 «3 
10'} Sandstone: Oil Geft for detailed examination) _--..-.-_---.2_-_- 2-22-2288 1 2 5 
11 | Sandstone: Light gray, shaly oily streaks cross-bedded in part, with some 
intricate plications; minute shaly lenses, darker and prominent_-_--------__- 4 2 21 wae 
12) Sandstone? Oily Celt forlaten examination) seese come secre eee een ee 
13 | Sandstone: Shaly, light gray with darker gray shaly bands with carbona- 
ceous streaks, cross-bedded in part; gradation below (like No. 11)__-_____ pe 2 1 237 «6 
14 | Shale: Gray, sandy micaceous, with lighter sandy bands interbedded; minute 
plant fragments rare; breaks in part with smooth micaceous planes and in part 
with irregular fracture; purer shale at 247 ft. 3 in.; thinner bedded dolomitic 
shale band at base; 3 in. quite gritty, 248 ft. 7 in. to 248 ft. 10 in____________ i 4 248 10 
15 | Shale: Gray, darker than sample No. 14, quite pure, thin bedded, shows no 
mica; breaks readily to %-in. to }4-in. bands but shows conchoidal fracture 
commonly; dolomitic in thin bands up to 1 in. from 251 ft. on; one fern 
fragment and afew unrecognized plant fragments with a few flat bivalve shells 


or ampressions, some: brown “‘stains”? in flakes__ _---0-0--5. if 4) 256 
16 | Shale: Black, carbonaceous but otherwise pure, readily splits to yy-in. leaves; 
afer plant Temaing ~ nc Sec cae oe oe eee ne eee ee ee ES. 257 


*From U, 8. B. of M. Bull. 243, p. 117, 1926. 
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expensive operation. The recovery of good cores demands frequent 
removals of the tools from the hole. This causes much delay. Longer 
cores will undoubtedly be obtained and longer runs made between 
pull-outs in the future as the core retaining and protecting devices 
are further perfected. At present the taking of rotary cores is usu- 
ally limited to the coring of the zones in which oil, gas, or important 
water horizons are expected. The value of the log of the cored 
well to the geologist increases with the percentage of the hole cored. 
The production engineer is interested solely in the positions and 
characteristics of the water and oil horizons with which he must 
deal, but the geologist may find the foraminifera for which he is 
searching to establish the age of the productive beds in clays some dis- 
tance from them. While the practice of taking cores has not devel- 
oped to the same extent in cable drilling as it has in rotary work up 
to the present, such development may be expected to occur in the 
immediate future. 

The value of the well log varies greatly with the character of the 
individual making it. The driller is primarily interested in making 
a hole, not in taking samples. Unless employed by a company in 
which the value of accurate records, even for dry holes, is fully recog- 
nized, the driller naturally feels that his future depends mainly upon 
his ability to make hole. Until recently and in some eases even 
today, the lack of cooperation between the geological and the produe- 
tion forces of a company present serious barriers to accurate sampling 
and give the driller added reason for devoting little attention to the 
taking of accurate samples and the keeping of good records. The logs 
of many wells, especially those of dry holes, are not only valueless but 
frequently lead to wholly erroneous deductions when taken in good 
faith by later investigators. 

Cross-sections.—The accuracy of the log determines the value of 
all subsurface work. In its earliest form subsurface work consisted 
merely in comparisons of the depths to which wells were carried to 
reach the oil horizon. Very soon, however, the identity of the se- 
quence of horizons in nearby wells was recognized; and comparisons 
of the depths of prominent marker horizons, as well as those of the 
actual producing zone, were made. Where the surface elevations were 
known to differ, allowances were made for those differences. These 
were first made by crude guesses or estimates but later were based 
upon surveyed casinghead elevations. As the number of records in 
an individual area became greater, the charted records of a series of 
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wells, which formed a line across the producing area, were placed side 
by side and similar points connected. This formed a vertical slice 
or cross-section of a part of the productive area. By preparing sev- 
eral cross-sections in different directions, it was possible to obtain a 
fairly comprehensive view of the outline of the whole producing pool. 

As the number of pools became larger and production was obtained 
from different types of horizons and at varying depths, the operator 
began to call upon the geologist to identify the individual horizons 
and to make estimates of the depths at which sands productive in 
nearby pools might be expected to occur. This gave the cross-section 
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Fig. 39.—Cross-section of somewhat generalized records of wells from the 


vicinity of Center Point, Howard County, through the Elderado Oil pool, Union 
County, Arkansas. After U. S. G. 8. Press Notice, April 22, 1922. 


a much wider application and made necessary the use of records from 
dry holes as well as producing ones. Frequently, to increase the 
accuracy the geologist combined his subsurface data with that ob- 
served on the surface. In some cases he was called upon to link up 
his subsurface correlations with the outerops of the same beds though 
they were many miles away. Within the individual pool errors of 
Judgment in correlation are not common or serious; but where deduc- 
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tions must be made from the records of single isolated wells, the 
chances of mistakes in correlation are great. 

Subsurface Maps.—aAs the development of areas progressed, the 
cross-sections frequently showed marked variations from the paral- 
lelism of successive beds, which is the basis of the location of test 
holes from the data supplied by surface observations. While in a 
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Fig. 40.—A Typical Subsurface Contour Map. Map of the Lyons-Quinn 
pool, Oklahoma. Contours drawn on the top of the Lyons oil sand. After Kirwan, 
M. J.: U.S. B. of Mines, Reports of Investigations, Serial No. 2612, p. 4, 1924. 


general way the surface contour map might be the same as that of the 
deep producing horizon, the existence of unconformities caused varia- 
tions in the positions of the most favorable points for testing. In 
addition the distances between definite marker horizons showed mate- 
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rial differences in wells within short distances of one another. There- 
fore, whenever the number of records of productive wells and dry 
holes was sufficient, they were used in the construction of a contour 
map of the producing horizon or of some especially prominent bed 
close to it. In this way it became possible to avoid the chances of 
error arising in attempts to project the structural conditions through 
unconformities. The best possible map is naturally the map of the 
productive horizon itself or of some marker lying immediately above 
or below it. However, the records of wells to this depth are usually 
not available in sufficient number during the early stages of develop- 
ment to be of much assistance. Maps drawn on shallow horizons, 
which may have been tested in earlier exploration, while not entirely 
comparable with conditions in the lower beds, may serve to decrease 
the chance of error very materially. 

The value of the subsurface contour map, like that of the surface, 
varies directly with the number of observations upon which it is 
based. This means the number of drill records that are sufficiently 
accurate and complete to be used. In general its applicability to the 
particular deep horizon that is being tested increases with the decrease 
in the vertical distance between the contoured bed and that horizon. 
This is not absolutely true in all cases as there are many instances in 
which there is no unconformity or irregularity in any of the beds 
between the surface and a point immediately above the prospective 
horizon. A single marked unconformity at that point will largely 
destroy the value of any horizon above it as a means of locating 
further drill holes. The only usable map is that of the productive 
horizon itself; the subsurface contours drawn upon other beds serve 
only to localize the position of the unconformity. 

While the subsurface map cannot be considered as an absolute key 
to conditions below, it must be considered as an important agency in 
checking and improving upon surface data. The shifts in the posi- 
tions of structural highs in inclined asymmetrical folds, the variations 
in intensity and position of faults, the lenticularity of many beds, and 
the uncertainties resulting from unconformities, all demand that the 
subsurface map or the cross-section be used whenever sufficient data 
are available. When production is known to come from lenticular 
sands or from points lying below an unconformity and usable data are 
available, reliance upon surface maps alone cannot be countenanced. 

Convergence Maps.—In some sections the unconformities be- 
tween surface beds and those yielding the oil or upon which it is 
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desired to draw a contour map are reasonably regular. This usually 
means that no severe erosion or marked folding and faulting took 
place subsequent to the deposition of the lower bed and prior to the 
laying down of the upper. The unconformity is limited to the devel- 
opment of broad gentle folds or the tilting of the strata prior to the 
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Fig. 41.—Convergence map showing variation in distance between the top of 
Vanport limestone member and top of Third or Gordon sand in the Foxburg 
Quadrangle, Pennsylvania. After Shaw, E. W., and Munn, M. J.: U.S. GS. 
Bull. 454, p. 37, 1911. 


deposition of the upper beds. In such cases the main period of crustal 
movement coming at a later date affects the two series of beds in much 
the same way. Careful examination of the records of a few wells 
penetrating both horizons may show the form of these gentle folds and 
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the extent of the tilting to such an extent as to make it possible to map 
the variations in the interval between the beds and project the avail- 
able data on the upper horizon through the unconformity. 

A map showing the relative distance between beds is known as a 
‘““convergence map,’’ and the lines connecting points of equal distance 
as ‘‘isochor lines.’’ While the use of the convergence map to convert 
surface or upper horizon observations to elevations on a lower bed 
holds attractive possibilities, it tends to introduce possibilities of errors 
of serious nature. Unless the number of well records is large and the 
interval between the two horizons varies with extreme regularity, the 
returns are seldom commensurate with the risk of false interpretations. 

Sand Maps.—The sand map cannot be considered as indicating 
structural conditions and should not, therefore, be included in this 
chapter. The growing recognition, however, of the importance of 
variations within the sand body upon the productivity of horizons has 
made it an important adjunct to the structural map and the cross- 
section. The sand map is prepared upon the same principle as the 
convergence map, the only difference being that the lines show differ- 
ences in the thickness of the sand body instead of differences in the 
intervals between horizons. The lines of the sand map are known as 
iso-pachous lines. 

The value of the sand map is widely recognized, but its limitations 
must be admitted. Such maps show only the thickness of the sand 
body ; they cannot bring out the variations in porosity in its different 
portions. Moreover, they do not show the relationship of structure 
and sand conditions. Many maps are drawn that are combinations 
of structural and sand maps. These sometimes prove very helpful, 
but there is always the danger of confusion resulting from an exces- 
sive number of lines upon the same map. 

Stereograms.—The data utilized in the preparation of contour 
maps and cross-sections can also be used in the making of stereograms. 
The value of the stereogram in showing structural relations to the 
non-technical man is generally recognized. It is not generally eon- 
sidered as a suitable instrument for the studies of the geologist or the 
production engineer. It cannot be drawn quickly and does not permit 
the placing of a large amount of detailed information upon a single 
sheet without confusion. 

Models.—Plaster models are sometimes used to show the struc- 
tural conditions in individual pools. The aceurate construction of 
the plaster model involves considerable mechanical work. It is capa- 
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ble of showing more detail than the stereogram and like it, is much 
more easily understood by the layman than is the contour map. Asa 
permanent record of the outline of a producing horizon for museum 
use or as the starting point for the class-room study of the invasion of 
salt water or of structural conditions, it is unsurpassed. ‘To the tech- 
nical man, who readily visualizes the data presented on contour maps, 
cross-sections, and sand maps, and who must deal with data that is 
being rapidly added to by frequent discoveries, its value is generally 
not sufficient to warrant its cost. 
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During the period of development it is frequently necessary for 
the geologist and engineer to think at the same time of conditions in 
several horizons. Proper perspective demands that all the data, 
whether dealing with structure, sand conditions, or water-containing 
horizons, be visible at one time. This can be done with fair success 
in the peg model. In such models individual pegs represent indi- 
vidual wells. Hach one is colored or otherwise marked to show the 
positions of prominent key beds, oil and gas sands, or water horizons 
penetrated during the drilling. The correlation of the wells to bring 
out specific points can be done with strings. These can be removed 
later when other studies must be made. 

The greatest value of the peg model lies in the ease with which it 
can be made to conform to new and changing conditions. Its greatest 
drawback lies in its bulk and lack of permanence. 
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Fig. 43.—Peg Model of Coyote Hills Oi] Pool, California. 
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Summary.—In general the contour map appears to be the best 
method we have of representation of geologic structure in oil fields. 
It is far from ideal and must be used in combination with the eross- 
section and the sand map in many cases. But its use is not subject to 
the limitations that prevent the general use of stereograms and plaster 
models. It is not capable of showing the wealth of material that ean 
be presented in the peg model, but its permanence and the ease with 
which the paper or linen map ean be carried in a brief-case or attached 
to a report more than make up for this. The surface geology map is 
important in considering the geologic backgrounds of large areas but 
is generally not fitted to detailed considerations of structure. The 
strike and dip symbol map can be used with almost as good results in 
some areas as the contour map, but its sphere of usefulness is definitely 
hmited to surface work in regions of high dips. 

The contour map may be used for both surface and subsurface 
conditions. Its value, and the same is true of the other methods of 
presenting geologic data now in use, is dependent upon the character 
of the data upon which it is based and upon the skill of the geologist 
in interpreting that data. A considerable amount of space in this 
chapter has been devoted to discussion of the nature of errors that tend 
to decrease the value of geologic maps and sections. Such errors are 
not made willingly, nor are they the result of carelessness in most 
eases. They tend to decrease in number and importance as methods 
of collecting data are improved and the fund of previous experience 
gives a firmer base upon which to rest conclusions. The very nature 
of the conditions studied, however, makes it impossible to eliminate 
them entirely and forces the student to recognize that the interpreta- 
tions he now considers correct may have to be revised in the light of 
later discoveries. 
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CHAPTER X. 


THE NATURE OF OILFIELD STRUCTURES. 


The accumulation of oil into pools of commercial importance de- 
mands that the rocks be of such character that they permit some hori- 
zontal movement of the oil and the gas. In areas of horizontal beds 
containing successive layers of impervious and porous strata, the oil 
and gas generated in the organic shales would tend to move into the 
porous layers. If these contained water, they would occupy the up- 
per portions of each porous bed. But the ratio of oil and gas to water 
would be so small that they would be of no economic interest. While 
some horizontal movement might occur because of capillary action in 
sections in which the pore spaces were of different sizes, in most fields 
the drill does not indicate that such concentration has taken place to 
any great extent. 

Wells drilled in aclinal areas (sections of no slope) show through 
their insignificant yields the necessity of segregation of oil and gas 
from water in some manner other than merely by vertical separation. 
The only alternative is horizontal movement. If we continue to ad- 
here to the gravitational theory, such movement can only occur when 
vertical movement is taking place. The energy needed for horizontal 
movement must be considered as a component of the force which in 
an open container would be utilized in direct vertical movements. It 
follows that, other than movements through fissures, no vertical or 
horizontal movement can oecur in beds that are not inclined. Inclina- 
tion sufficient to permit the development of horizontal migration as a 
component of vertical movement is the first essential factor in the ae- 
cumulation of oil into commercially workable deposits. 

The movements of oil and gas in a porous inclined water-containing 
horizon would continue indefinitely if no barrier were interposed to 
limit that migration. The character of that barrier varies. In some 
places the porous oil-containing beds end abruptly at the face of a 
fault, where impervious shales prevent further migration. In others 
the porous rock gradually thins out or changes into an impervious 
one. In some cases the porous layer, while continuous, changes from 
one of sufficient inclination to permit migration to one which is go 
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close to the horizontal in its position that farther movement is re- 
tarded, if not entirely prevented, by frictional resistance. 

In the greater portion of the world’s producing areas migration 
ends in the crests of domed or arched areas. Here the forces causing 
the movement of oil and gas are applied equally from all directions 
within the plane of the porous stratum containing these substances. 
As long as the beds above and below the porous container are impervi- 
ous and prevent any direct vertical movement, there can be no migra- 
tion of the oil and gas. 

Sediments are seldom laid down upon perfectly horizontal surfaces. 
The extreme thickness of beds of similar characteristics in the centers 
of major geosynelines is definite proof of the continuance of sub- 
sidence during the periods in which deposition was taking place. 
Their gradual mergence with beds whose characteristics indicate that 
they were deposited in waters of shallow depths close to the shores is 
further indication that they were laid down upon a sloping bottom. 
While in many eases the subsidence was aceompanied by block fault- 
ing, such action would not normally occur until after considerable 
tilting of the sediments had taken place. Coarse sediments laid down 
upon the tilted surface and covered over with impervious material 
would form ideal avenues for migration of the oil and gas that might 
be generated at a later date. The same action would be obtained if 
the tilting should occur during or after the period of deposition of the 
coarse sediments. 

Where the porous strata resulting from the lithification of these 
coarse sediments have not been in contact with the surface through 
outcrops or fracturing since the generation of the oil and gas and 
their entrance into the porous strata, all of the conditions essential to 
the concentration of these substances are fulfilled. Accumulation un- 
der such conditions may be considered as resulting primarily from 
conditions existing during the period of sedimentation and may be 
traced directly to differences in physical characteristics of the de- 
posited materials. 

Where the porous layers are continuous over wide areas and have 
at any time since the formation of the oil and gas been in contact with 
the surface, the possibilities of the escape of those substances to the 
surface in the form of seepages are great. The existence of accumula- 
tions of oil and gas in such cases is dependent upon the development 
of local structural conditions that will terminate the movements and 
prevent the escape. This may mean concentration in true folds and 
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incipient folds resulting from dynamic pressure. Many subordinate 
folds, in which oil and gas are found, are the result of inequalities in 
the settling of sediments. Faulting is a common phenomena accom- 
panying both settling and dynamic movements. While less frequently 
the primary cause of oil accumulation, faults may be of major im- 
portance. 

In some cases dynamic pressure manifests itself in direct vertical 
movements of igneous masses. In others it is indicated by the forma- 
tion of massive salt plugs. Around and above both of these the sedi- 
ments are frequently arched in forms which are favorable for accu- 
mulation. The porous portions of the igneous rocks may even contain 
oil and gas. 

There are few pools in which the accumulation may be said to be 
entirely the result of only one of the agencies just mentioned. While 
folding may be the major factor in the forming of certain structures, 
drilling usually demonstrates that the concentration in areas equally 
well located with regard to the general structure has been materially 
modified by variations in the sand or by the positions of minor faults. 
Moreover, it should be remembered that modification and alteration of 
the physical characteristics of container rocks may have taken place 
subsequent to the original accumulation of the oil. 

In discussing the different types of structures it would appear 
logical to take up first those whose formation is most closely related to 
the conditions existing during the period of deposition of the oil- 
containing sediments. However, the greater present economic im- 
portance and the greater availability of definite information make it 
more desirable from a practical standpoint to take up first the study 
of those structures which are the result of folding and faulting. 


CHAPTER XI. 


THE DEVELOPMENT OF FOLDED AND FAULTED 
STRUCTURES. 


Before considering the form and character of the structures re- 
sulting from folding and faulting in the earth’s crust, it is necessary 
to consider in a brief way a few things about the nature of the forces 
which cause crustal movement and the manner of their transmission 
through, and action upon, sediments. Basically, the activity resulting 
in the deformation of strata may be considered as being divided into 
two types. Under the first, would be included the deformation that 
results from the transmission of horizontal forces through the sedi- 
ments. Under the second, would be included those structural develop- 
ments that result from direct vertical uplift of the sediments. Ulti- 
mate analysis of the causes underlying both types of action may prove 
them to be fundamentally the same; but in considering the structural 
conditions of the upper portions in which oil and gas are found, the 
separation appears to be warranted. 

Differential Compacting Compacting has undoubtedly contrib- 
uted to the deformation of sediments. As originally laid down, they 
must have been highly porous. The porosity of unconsolidated clays 
and sands is probably decreased by one-half during compaction. The 
bulk of the compacting probably takes place very soon after the sedi- 
ments are laid down. During this stage they are covered by a rela- 
tively small amount of overburden. Minor undulations in the sedi- 
mentary beds resulting from inequalities in compacting may arise and 
persist. It does not appear logical to believe that those minor folds 
will be duplicated in other sediments laid down at a later date. One 
would be more inclined to expect that later deposition would tend to 
fill in the irregularities and localize the minor foldings. 

As the thickness of overlying sediments becomes greater, especially 
when it is measured in thousands of feet, the force tending to cause 
compacting becomes stronger. Any deformation that results may be 
expected to be more permanent. On the other hand, the resistance 
to compacting becomes more marked; and the actual reduction in 
volume in response to a given increase in pressure, smaller. At mod- 
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erate depths such shrinkage becomes so small as to be considered as 
negligible in amount. Assuming that vertical shrinkage in sedi- 
ments under cover is substantial, we are next called upon to discuss 
the possibilities and probabilities of the development of inequalities 
sufficient to produce measurable folds. 

Such inequalities might be considered as resulting from differences 
in the original character of the sediments Jaid down in adjacent areas. 
V. E. Monnett? lays particular stress upon the irregularities in the 
degree of compacting caused by the existence of sand lenses in shales. 
As lenticular sands are seldom of great thickness, it is difficult to con- 
eeive of such action as accountable for more than the most minor 
deformation. However, in the absence of stronger folds, such minor 
folds may prove of major importance in the concentration of oil. 

Where sediments are laid down upon irregularly eroded surfaces 
of already consolidated rocks, the possibilities of differential com- 
pacting become much greater. Differences might be expected to 
assume greater proportions if the irregular base was composed of 
crystalline non-compressible rocks, such as granites, marbles, or 
gneisses, rather than sedimentary beds still capable of some additional 
compression. Differential packing in all cases would vary primarily 
according to the size and form of the irregularities in the surface of 
the non-compressible base. 

It does not appear probable that deformation would result from 
vertical compacting alone in areas devoid of irregularities in the base- 
ment rock surface or in the character of the materials deposited. It 
must be admitted that some restriction horizontally is to be expected 
with vertical compacting because of lessening of the linear distance 
occupied by the same are in a smaller circumference. Irregular 
basins and elevated areas similar to those forming on the surfaces of 
slowly drying apples or other similar fruit might result from very 
marked vertical shrinkage. With the limited amount of compacting 
after lithification, it would appear probable that the greater part of 
the horizontal shortening could be accomplished by decreasing the 
space between the grains in the sediments. 

There is, in the opinion of the author, no reason to believe that 
adjustments in the types of sediments found in oil fields would be of 
such degree as to cause buckling of beds. The importance of eom- 
pacting lies not in the direct deformation of sediments, but in the 


1Monnett, V. E.: Possible Origin of Some of the Structures of the Mid- 
Continent Oilfields, Economie Geology, Vol. 17, pp. 194-200, 1922. 
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preparation of the sediments for the application of other forces at a 
later date. 

If we disregard those structures which result from the direct uplift 
of sediments by the intrusion of igneous or salt masses, all structures 
must be considered as directly or indirectly resulting from inequali- 
ties in horizontal pressures. The direct connection is seen wherever 
the arched sediments can be shown to have been the ones that were 
capable of transmitting the horizontal thrust. The indirect types are 
those in which folded sediments visible at the surface or penetrated by 
the drill are of such nature as to make them incapable of transmitting 
the forces that were needed to fold them. Such folds must be con- 
sidered as resulting from the vertical thrusts given by the arching of 
deeply buried rocks, which were capable of transmitting the horizontal 
pressures. Strata capable of transmitting forces are spoken of as 
‘“ecompetent.’’ Those which are capable only of reacting to the forces 
transmitted by other strata are called ‘‘incompetent.’’ Vertical 
movement in strata such as oceurs in folding imphes the existence of 
vertical forces. Forees of such direction cannot be developed from 
horizontal ones unless the strata that transmit those forces are in- 
clined. Beds approaching the horizontal in attitude are less subject 
to folding than those that are tilted. If the beds have been tilted ir- 
regularly or have been partly folded, the applecation of strong pres- 
sures may be expected to result in the development of pronounced 
folds whose form will in no small measure be determined by the con- 
dition of the beds at the time of application of the forces. Thus, 
while the tilting and folding resulting from unequal compacting can 
seldom be considered as the major factor in the development of oil- 
field folds, their importance in preparing the sediments for the appl- 
cation of dynamic forces is of the first order. 

Nature of Crustal Deformation.—Willis' divides the zones of 
deformation of the earth’s crust into four types: the zone of recrystal- 
lization or molecular flow, the zone of shear or mechanical flow, the 
zone of competent folding, and the zone of fracture. The structures 
with which the oil geologist deals originate in the upper zones of 
folding and fracture in many cases, but others must be considered as 
surface manifestations of much deeper conditions. Flowage by re- 
erystallization involves the solution of the minerals and their redeposi- 
tion with or without chemical change. It occurs only at considerable 
depth below the surface where the necessary high pressures and tem- 


1 Willis, Bailey: Geologie Structures, p. 144, 1923. 
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peratures can be developed. Shearing is produced by major differen- 
tial pressures upon highly compressed rock matter. It results in clear 
cuts or shear planes, which are independent of the original character- 
istics of the rocks affected, such as the form of pebbles or boulders 
contained and the positions of stratification planes. Shearing implies 
the existence of restraining pressures sufficient to prevent folding but 
the insufficiency of the pressures and temperatures necessary to bring 
about recrystallization. The action of different rocks in these two 
zones probably does not vary much because of the intensity of the 
forces that act upon them. 

While there are no fractures, in the ordinary sense with which the 
term fracture is used, lines of weakness of far-reaching extent un- 
doubtedly exist within the zones of shearing and recrystallization. 
Their downward limit may be considered as the upper portion of 
that part of the earth in which local fusion is the only means of caus- 
ing movement in the rock mass. Where stresses are transmitted 
through the crystalline rocks of the shear zone, shearing along such 
lines is most pronounced. If parallel to the strike of the shear zone, 
only horizontal segmental movement may be expected to result from 
the application of differential pressures. If at an angle to the shear 
zone, the horizontal stress may be resolved into vertical stresses, Which 
will cause vertical movement of one segment with respect to another. 

Where the movement of the segments is severe, the shearing action 
is transmitted to the overlying beds within the zone of competent 
folding. Here it is naturally altered considerably. The horizontal 
movement parallel to the shear lines of the underlying mass may be 
converted into vertical movement in the upper beds. By this action 
the power of the thrust is gradually used up and the intensity of the 
effects materially diminished in the upper horizons. Such movement 
is torsional in character. The deformation of the strata resulting is 
entirely different from that resulting from forees which will be 
considered later. 

The vertical movement resulting from stress perpendicular to the 
line of weakness may result in the elevation of block-like masses of 
considerable extent. The vertical movement may occur in two more 
or less parallel shear planes. It may take the form of movement in 
only one line of weakness and cause tilting of one segment with respect 
to another. In that case it might be expected to produce a form 
similar to the type that would be called a fault scarp on the surface. 
The vertical movement in either ease would be materially altered in 
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transmission through the blanket of overlying strata which obey the 
laws of the zones of folding and fracture. 

The zone of shear merges into the overlying zone of competent 
folding. This is of variable thickness, both its upper and lower limits 
being determined by the character of the rocks contained in the indi- 
vidual areas. The lower limit may be considered as being determined 
by the ability of the rocks to support themselves in the form of an 
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Fig. 44.—Map of part of Osage County, Oklahoma, showing irregular align- 
ment of anticlinal folds and en échelon arrangement of minor faults. This is 
typical of northeastern Oklahoma and may be considered ag the surface expression 
of movements in the underlying basement rocks. After Heald, K. C., and Mather, 
K. F.: U. 8. G. S. Bull. 686, p. 156, 1922 
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arch. The upper portion merges into the zone of fracture. In this 
the restraining influences are not sufficient to prevent movements of 
the pebbles and grains composing the rocks. Dynamic forces are 
largely taken care of by local or internal movements rather than by 
transmission through wide areas. 

Competency of Rocks.—The development of arches requires that, 
the rocks be capable of transmitting the thrusts that are given them. 
The first quality required is that of rigidity. Limestone is an excel- 
lent example of a typically rigid rock. It is in direct contrast with 
shale or clay, which may be considered as flexible to the degree of 
plasticity. Rigidity is also possessed by sandstones and conglomerates. 
It is lacking in uncemented sands. Sandstones resist shearing because 
of their rigidity and grain characteristics; but unless bordering upon 
the quartzites, they do not have the power to resist fracture; that is, 
irregular breakage around the grains. Limestones are much superior 
in this regard. This is due to the smaller average size of the calcite 
and dolomite grains of which they are composed and the ability of 
intererystal movements and local solution and redeposition to take 
eare of minute adjustments, which would result in fracture in the 
coarse uneven sandstone. If fractures do occur in limestones as a 
result of unusual stresses, they are apt to be healed and the strength 
of the rock renewed by self cementation. Resistance to further frac- 
turing is built up in this manner. In the sandstones, the fracture is 
likely to remain unhealed or become filled with a cementing material 
of low strength. A second period of stress finds the already formed 
fractures ideal avenues for further action of the same type. 

In direct contrast to shales and, to some extent, sandstones, lime- 
stones are thickly bedded. They do not bend readily, nor do they 
fracture within the individual bed. Thus the limestone becomes the 
most competent type of sedimentary rock to control the development 
of structures. Sandstones, while important, are too apt to fracture to 
be of first rank. Pure shales are only capable of filling in and eon- 
forming to the positions given by the others. 

Massive igneous rocks are theoretically incapable of converting 
horizontal forces into vertical movements except through shearing. 
However, even granites have some irregular cleavage or joint planes, 
which may serve in much the same way as the bedding planes in sedi- 
mentary rocks and permit the development of broad arches. 

Horizontal Thrust Structures—-While some of the world’s oil- 
containing structures must be considered as the results of direct up- 
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lift initiated below the zone of competent folding, the majority of the 
producing structures appear to the author to be more probably the 
products of horizontal movements within that zone. These move- 
ments are closely allied to mountain building action. The major 
mountain systems have resulted from the folding of sediments depos- 
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Fig. 45.—Sketch map showing position of chief anticlines and major faults 
along the west border of the San Joaquin Valley. After Pack, R. W.: U.S. G.S. 
Prof. Paper 116, p. 56, 1920. 


ited in synclinal basins. Such folding varies in intensity with the 
proximity of the original land mass from which the sediments were 
derived or of other highly consolidated and usually crystalline rock 
masses. ‘The appearance of the successive folds in the sediments and 
the marked shortening of the crustal area occupied by them would 
indicate that the sediments have been compressed by forces pushing 
outward from such masses. The sediments contained in the Appala- 
chian Mountains, if laid out horizontally, would occupy a belt forty 
to fifty miles greater than the width of the present mountain belt. 
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Similar figures can be given for the Coast Range of California, for 
the Alps, and other folded mountain systems. The discussion of un- 
settled questions concerning the exact reasons for the development of 
the tremendous pressures necessary for such intense folds is beyond 
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the scope of this volume. Great folded systems are not known as 
containers of commercial quantities of oil or gas. However, their 
close connection with less intense folds, which do contain these sub- 
stances, lying farther from the source of the thrusts is so evident that 
their relationships and origin are of extreme importance to the petro- 
leum geologist. 

Where the basins of deposition are large and fairly deep and the 
period of subsidence and deposition long, the thick beds of lime- 
stones form excellent trusses through which to transmit the com- 
pressive forces. In such areas the earlier sand deposits may be 
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Fic. 47.—General Map of the southern part of the Big Horn Basin showing 
position of more important anticlines around edges of basin. After Hewett, D. 
F., and Lupton, C. T.: U. 8. G. S. Bull. 656, 1917. 


largely cemented before the inception of the major period of orogenic 
movement. The strength of the truss tends to the development of a 
wide belt of folding. The individual folds are apt to show a definite 
but gradual gradation from major or mountain folds to minor folds 
of comparatively small extent. A typical example of such a basin 
is the Appalachian geosyncline, which was mainly an area of sub- 
sidence and deposition throughout all of the Paleozoic, and was sub- 
jected to thrusts that caused mountain building action during the 


last part of the era. 
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In the comparatively deep narrow troughs of short life in which 
much of the Tertiary and Mesozoic sediments were laid down, the 
limestone was of minor importance. Deposition was extremely rapid 
and cementation barely initiated when dynamic forces were applied. 
Such areas are characterized by narrow belts of intense folds, which 
die out rapidly within a short distance of the center of the com- 
pressive action. The Valley Field of California, producing from a 
narrow belt of large folds roughly paralleling the still larger folds 
of the Coast Ranges to the west, is typical of this group. The gen- 
eral absence of similar folds of smaller proportions toward the center 
of the basin and away from the Coast Ranges is indicative of the 
incompetency of the great thickness of unconsolidated and lime- 
lacking sediments to transmit the forces developed. In a somewhat 
similar manner, though numerous folds having closures of more than 
a thousand feet border the rims of the Big Horn Basin in Wyoming 
and parallel the mountain ranges surrounding it, the sediments in its 
center show little indication of the intensity of the forces that have 
been operating in close proximity to them. 

Direct Uplifts——In some cases the intense folds parallel to moun- 
tain folds may be considered as surface manifestations of vertical 
shearing in the underlying crystalline base. It would seem necessary 
to assume that shear movements in the basement crystalline masses are 
responsible for the development of uplifts of regional importance; 
such as, the Cincinnati Arch of Ohio, Indiana, Kentucky, and Ten- 
nessee; the Bend Arch of north central Texas; the Marathon fold of 
western Texas; the Sabine uplift of Louisiana and eastern Texas; and 
the Sweetgrass uplift of Montana and southern Alberta. These folds 
differ from those resulting from direct horizontal compression to so 
great an extent as to leave no doubt as to differences in origin. 

The Cincinnati Arch would appear to be an area of uplift oeeur- 
ring as a direct reaction to the down dragging action caused by the 
deposition of immense quantities of material in the Appalachian syn- 
cline to the east of it and in the less definitely outlined basin to the 
west. Similarly the Sabine uplift may be considered as a reaction to 
the down dragging caused by deposition of material derived from the 
mountainous areas of central Texas and the southern Appalachians 
in the sections immediately southwest and southeast of it. 

Explanation of the occurrence of large, sharply outlined, anti- 
clinal folds in areas where similar folds are lacking is more difficult. 
Two of the most important producing folds in the world, the Cushing 
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Fic. 48.—Map showing areal geology of a section which has been subjected 
to uplift and tilting. Formations in North Central Texas. After Moore, R. C., 
and Plummer, F. B.: Jour. of Geol., Vol. 30, p. 27, 1922. 
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anticline of Oklahoma and the La Salle anticline of eastern Illinois 
and southwestern Indiana, are of this type. One may consider such 
folds to be the result of vertical movements along planes of weakness 
in the shear zone. In that case their origin would be considered as 
somewhat related to that ascribed to the larger regional uplifts, ex- 
cepting that the movement in the shear zone would be restricted to 
movement along one plane rather than taking the form of “‘horst”’ 
action. 

Such uplifts also may be considered as resulting from the develop- 
ment of vertical forees from horizontal forces transmitted for long 
distances through deeply buried and nearly horizontal strata. The 
absence of tilting in the area between the strong fold and the center of 
the thrust would retard the development of folds in that section. 
The strength of the Cushing fold may be considered as resulting from 


Fig. 49.—Diagrammatie sketch across the Bend Arch, North Texas, showing 
the broad character of the uplift in the underlying beds and the marked unecon- 
formity between them and the upper horizons. After Moore, R. C., and Plummer, 
HY. B.: Jour. of Geol. Vol. 30, p. 23, 1922. 


the ability of the beds, which had been partly tilted by differences in 
compacting, to convert the horizontal stresses into vertical movement. 
Inasmuch as it has been proved that the Cushing fold is located above 
an earlier topographic ridge, this explanation would receive considera- 
ble support in this case at least. Another possible explanation is that 
of the intrusion of igneous matter through a plane of weakness, the 
flow not being of sufficient size to manifest itself in the upper erust in 
any other manner than through the development of a laccolithie up- 
lift of the existing sediments. The absence of indications of igneous 
activity in the areas adjacent to both of the major folds named make 
this explanation rather improbable in these two eases. 

Where movements in the shear zone are entirely horizontal in 
character, the intensity of the movements necessary to the develop- 
ment of folding is great. The movement of one segment with respect 
to another along a plane of weakness between the two shows the mov- 
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ing segment to be under great pressure, but also indicates that the 
movement is opposed by a force which is capable of neutralizing it in 
the non-moving segment. Where shear zone segments move parallel 
to the lines of weakness, the torsional strains developed in the overly- 
ing beds are, for the most part, small. The transference of the move- 
ment of the shear zone into movement in the upper strata depends 
upon the absence of bedding planes and other planes of weakness, 
which would tend to absorb the forces in sliding. The thickly bedded 
limestones have a minimum of such planes and are therefore not 
eapable of making much adjustment in this manner. On the other 
hand, shales may absorb practically all of it. The action of sandstones 
will be intermediate in character. In thickly bedded limestones the 
horizontal movement of the shear zone may be converted into vertical 
arching at relatively great depths below the surface. 

The amount of vertical movement in the limestone must be con- 
sidered as varying directly with the thickness and character of the 
rocks above it.. If the strata above are composed largely of competent 
beds, the arches may attain considerable height and also extend for 
some distance horizontally. If, however, the upper beds are largely 
incompetent, the weight of the mass sustained by the arch tends to 
restrict its size. Where the beds are all competent, there should be 
only slight differences in the amount of vertical movement in different 
horizons. Where competent beds are overlaid by incompetent ones, 
the intensity of the movement in the upper strata will be found to be 
considerably less than in the lower. 

Causes of Faulting.—Faulting of strata is frequently considered 
as indicating the existence of stresses within the crust too great to be 
relieved by folding. This is strictly true only when the faults in- 
volved are of the reverse or compressional type. The normal or ten- 
sional fault is commonly an indication of the inability of beds to pro- 
duce folds because of incompetency. The strata tend to fracture 
rather than bend because of their lack of cohesion, inability to heal 
themselves by recementation, or the absence of the homogeneity of 
composition needed for intergranular adjustments throughout the 
beds as a whole. Normal faults are commonly associated with verti- 
cal uplifts in incompetent beds. The incompetent beds are not only 
unable to support themselves but also lack the cohesion necessary to 
maintain contact between the centers of uplift and neutral areas sur- 
rounding them. Such faults may be initiated in shales or even in 
clays but in the latter are apt to be extremely small as the absence of 
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strength prevents the building up of any appreciable strains within 
them before sliding begins. The lack of homogeneity in sands and 
conglomerates tends to permit the building up of some tensional force 
before the slipping begins. It further tends to restrict slipping to 
movements along the plane in which the first movement takes place. 
Because of their strength well cemented sandstones permit the build- 
ing up of large tensional forces. This tends to delay the fracturing, 
but the brittleness and lack of healing qualities tend to accentuate the 
action when it does occur. 

Extent of Faults——Fractures formed in this manner must be 
considered as purely surface phenomena. They are caused by deep 
seated movements, but they themselves die out within relatively shal- 
low depths. Competent limestones lying between easily fractured 
sandstones tend to resist the fracturing action until tensional forces 
are built up to a degree greater than the strength of those limestones. 
It follows that in response to similar forces the number of faults in 
limestone areas will be less than the number in sandstones; but, that 
when fracturing does occur, the faults will be of greater intensity. 
Unconsolidated clays and shales tend to absorb the fractures and 
convert them into internal adjustments. Where there are consider- 
able thicknesses of shales or thinly bedded sandstones, the fault plane 
is frequently changed from a vertical plane to one that is almost hori- 
zontal by adjustments of the stresses by movements along the bedding 
planes. Though individually small, the sum of all of the adjustments 
made in this way is sufficient to reduce both vertical and horizontal 
components of the fault movement to nothing within relatively short 
distances. 

Normal tensional faults are not in all cases to be considered as 
strictly superficial phenomena and of only local importance. The 
Baleones fault zone of Texas, in which normal faults separate the 
rising northwest areas from the sinking areas to the south and south- 
east, must be considered as far deeper in origin than ordinary faults. 
The downthrow of this group of faults is to the east and amounts to 
as much as a thousand feet. The Mexia-Luling system of faults oc- 
curs thirty to forty miles east of the Baleones faults and shows a dis- 
placement of two hundred to five hundred feet but with the down- 
throw on the west side. Drilling along the latter has definitely shown 
that the intensity of the fault does not decrease with depth but even 
shows a material increase. In some places according to Lahee? the 

1A. I. M. E. Trans., Vol. 71, p. 1340, 1925 
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fault shows four to five hundred feet of displacement in the Austin 
Chalk of Cretaceous age and only one hundred to one hundred and 
fifty feet in the overlying Midway formation of the Tertiary. 

Several interpretations have been placed upon this increase. The 
essential point is that the fault does not die out but increases ag it goes 
toward the zone of competent beds. The explanation of such deep 
seated tensional faults may in some eases lie in such severity of the 
vertical movements in competent beds of the limestone type as to 
cause faulting in the same manner as it is accomplished in the brittle 
sandstones. In the absence of indications of folding of the strata, 
which would normally indicate intense deformation, it would appear 
more logical to consider that the faulting in these two areas is a direct 
representation of vertical movements in the shear zone. That these 
movements have not been converted into folds may be attributed to 
the absence of a sufficient thickness of competent strata between the 
crystalline base and incompetent upper beds. 

Normal faulting, even when of deep-seated character, implies no 
decrease in the areal extent of the strata affected. In reverse faulting 
the upthrown segment passes above the downthrown one and the area 
of the beds is therefore decreased. Reverse faulting is, therefore, 
common in those areas which are under compression. Faults of this 
type are frequently called compression faults. In a broad sense this 
is true, but it must be recognized that the actual fracture occurs only 
after some attempt at folding and is due to excessive local tensional 
stresses. 

The compressional fault cannot be produced by any other force 
than horizontal pressure. While such faults may be developed in the 
less competent beds, they seldom reach major proportions unless orig- 
inating in beds capable of developing major stresses. The reverse 
fault in a series of incompetent beds may be considered as an indica- 
tion of a similar condition or of intense folding in the competent beds 
below. 

The angles made by the fault planes in compressional faulting 
vary widely. In some eases the angle is so close to the vertical that 
it is difficult to determine whether the fault is of the normal or the 
reverse type. In others the plane is nearly horizontal. It is a re- 
flection of the direction of easiest fracturing and of the amount of 
deviation of the force from the horizontal by combination with verti- 


eal forces. 
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The development of faults as against folds is probably in a large 
degree traceable to the time element. Where the force is built up 
slowly, adjustments within the beds tend to heal the incipient frac- 
tures. Where the force is applied suddenly, this cannot take place. 

Summary.—Deformation in strata cannot be traced to one cause 
alone. Horizontal forces are almost invariably accompanied by verti- 
cal movements. Where the period of deformation is long continued 
and in part simultaneous with periods of deposition, the resulting 
structures are complicated by the laying down of sediments of vary- 
ing thickness upon those which have been partially folded. The later 
sediments are naturally subjected to less deformation than the earlier 
ones. Where periods of deformation are intermittent, erosion may 
further alter the forms. Minor tensional faults are probably present 
in practically all folded structures. In some they are of sufficient size 
and so located as to be of greater importance in determining the areas 
of oil accumulation than is the major fold itself. Similarly fault line 
accumulation is frequently altered by the action of folds that accom- 
pany the faults. 

While the structures that have been studied by petroleum geolo- 
gists may be placed in a relatively small number of groups, the eondi- 
tions in no two structures can be considered as identical. Each one 
is the result of a combination of forces acting in different ways to 
produce a result which will differ in some way or another from all 
others. 
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CHAPTER X01. 


CHARACTERISTICS OF FOLDED STRUCTURES. 


The anticlinal fold produced by horizontal compression or by 
vertical uplift should be equal in length to the distance along which 
the pressure was applied. Actually individual folds are not eon- 
tinuous through long distances. The forces tending to cause folding 
commonly produce a series of folds that arrange themselves more or 
less en échelon to one another. Each individual fold is referred to as 
an anticline or syneline according to whether the strata are folded up- 
ward or downward. The vertical distance between the highest point 
in any particular bed and the lowest horizontal line which ean be 
drawn in that bed so as to completely circle the crest is known as the 
closure of the anticline. Although less commonly used, the term may 
be applied also in measuring the depths of synclines. 

Jf the strata were arched upward by a vertical thrust applied 
through a single point, the resulting fold would probably have a defi- 
nitely domed form. The crest or highest portion would be a single 
point. Where the fold is the result of horizontal pressures acting 
parallel to each other, the crest developed is not a single point but 
is elongated into a line. This is roughly at right angles to the direc- 
tion of the lines of pressure. The true crest line would include only 
points of equal elevation. Its length in most cases would be com- 
paratively short. If this line were extended to include the full length 
of the fold, it would be called the axial line. Except at the ends of 
the fold, the direction of the dip of the bed folded up in this manner 
would be nearly perpendicular to the strike of the axial line. 

The crests and axial lines in different beds in the same fold may 
be directly below each other. The vertical plane which would contain 
all such lines is known as the axial plane. The fold itself would be 
called an upright fold. 

The term ‘‘axis of a fold’’ is sometimes used with reference to the 
axial plane and again with reference to the axial line. In the case 
cited there is no importance in making a distinction between the two, 
but in most cases the axial lines and the crests of the different beds are 
not directly under each other. The plane containing them would be 
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an inclined one. In some cases it would not even be a true plane but 
a curved surface. oe 

Upright folds formed by direct uplift or by the transmission of 
forces through highly competent beds, may have their slopes on both 
sides of the axial plane identical. The axial plane then cuts the fold 
into two similar halves or flanks. Such folds are called symmetrical 
folds. Perfect transmission of the forces in compressional folding is 
not frequent. Practically all of the upright folds with which the 
petroleum geologist deals have flanks of unequal size and inclination. 
They are called asymmetrical folds. 

Even these are comparatively few in number and much less im- 
portant in aggregate production than the asymmetrical folds having 
slightly inclined axial planes. This type of fold presents a serious 
problem to the petroleum geologist because of the shifting of the area 
of accumulation in the lower horizons to the one side or the other of 
the observed surface crest or axial line. They characterize the folds 
formed adjacent to mountain folds in incompetent strata. 

In the major folds that accompany mountain building, the extreme 
pressure causes the axial plane to assume an overturned position. 
This places one flank partly above the other. Such folds are not un- 
known in oil fields but are seldom of economic importance. Where 
the force of the thrust is sufficiently great, it is possible for the axial 
plane to become practically horizontal and the flanks to rest upon each 
other. ‘These are known as recumbent folds. While there are excep- 
tions to the rule, it is generally felt that the pressures which cause the 
development of these overturned and recumbent forms will in most 
cases cause the development of fracturing te such an extent as to 
permit the escape of any oil and gas that are present in the affected 
strata. An unusual type of fold related to these, the diapir fold, has 
been developed in salt-containing strata. It is of such importance 
that its consideration will be left to a later chapter. 

The angles of dip in even the highly folded structures of Tertiary 
and Cretaceous age are seldom comparable with those of the distinetly 
mountainous folds. Distinctions between concentric and similar folds 
are important in these. Their effects are less pronounced in the 
milder folds that yield oil. Concentric folds are those in which the 
beds are folded around a common center. As each stratum main- 
tains the same thickness at all places, the folds tend to die out both 
above and below the competent stratum that causes their existence. 
In similar folds the angles of dip in successive strata are identical. 
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The maintenance of the angle necessitates variations in the thickness 
of the individual beds. In large low angle folds adjustments within 
the beds may be made without difficulty; this would not be true in 
mountain folds. 

The frequent occurrence of structure in which the vertical closure 
increases with depth suggests concentric folding. However, as the 
horizontal area embraced within the closure of the productive anticline 
seldom appears to decrease with depth, true concentric folding cannot 
be considered as the cause of the folding. On the other hand, the 
development of true similar folds in strata of varying competency 
introduces mechanical difficulties. It would appear logical to con- 
sider that most folds in oil fields are combinations of the two types. 

Practically all folds in oil fields are of the open type; that is, the 
beds might be bent even more acutely without materially disturbing 
the parallelism of the strata. The expression, closed fold, is applied 
to folds in which further bending will cause distortion. By this we 
mean materially altering the thickness of the individual beds, thinning 
them in some places and increasing their thickness in others. When 
the thinning and thickening have already occurred, the fold is said 
to have been squeezed. In the sense that the shale and clay between 
more competent beds have been subjected to some thickening and thin- 
ning, the folds in oil-yielding areas may be considered as belonging to 
these types. However, the variation is small in comparison with the 
horizontal area of the folds involved. For all practical purposes the 
majority of oilfield folds must be considered as open types. 

Simple Symmetrical Anticlines—The author knows of no abso- 
lutely symmetrical upright anticlinal fold that is productive of oil. 
Numerous folds of minor size and importance approach the symmetri- 
eal in form, but relatively few of the world’s important producing 
areas can be considered of this type. The Elk Hills anticline and the 
Buena Vista anticline, both in the Valley Field of California, ap- 
proach the form but deviate in essential points. Several of the pro- 
ductive structures in the Rocky Mountain Province have the general 
outline of such folds, but their structures and the accumulation of 
their oil are complicated by faulting. In the Mid-Continent area 
variations in the porosity of sands prevent even distribution of oil 
and gas through structures having symmetrical outlines. Several of 
the producing structures in the Los Angeles Basin of California ap- 
proach the type closely. Only one, however, can be considered as 
sufficiently representative of the type to warrant detailed considera- 
tion. This is the Sante Fe Springs structure. 
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Sante Fe Springs, California.’"—The Sante Fe Springs pool in- 
eludes a producing area of only about 1,500 acres, but the great thick- 
ness of the producing horizons and the high degree of saturation have 
made it one of the major pools of the world. The discovery well was 


Fig. 50.—Structure map of the Sante Fe Springs pool, California. After 
English, W. A.: U.S. G. S. Bull. 768, plate 10, 1926. 


completed at a depth of 4,595 feet in 1919. Up to the close of 1926 the 
pool had produced more than 150,000,000 barrels of oil. The strue- 
ture lies about four miles southeast of the Whittier fault, the major 
structural feature in that part of the Los Angeles Basin. Its ex- 


1 Data on Sante Fe Springs mainly from the following: 

Case, J. B.: Report on the Sante Fe Springs Oil Field, California Oil Fields, 
Vol. 8, No. 11, 1923. 

English, Walter A.: Geology and Oil Resources of the Punte Hills Region, 
Southern California, U. 8. G. S. Bull. 768, 1926. 


Templeton, R. R., and McCollom, ©. R.: Sante Fe Springs Field, California, 
A. A. P. G. Bull, Vol. 8, pp. 178-194, 1924. 
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istence is probably due to torsional forces resulting from movements 
in the underlying erystalline masses along a major fault line. Like 
many of the pools in the Los Angeles area, the structure was not out- 
lined by examination of outcropping beds. The only indications of 
possible oil accumulation were a slight. elevation of the area topo- 
graphically and the presence of gas in some water wells. Yet the 
productive area of the deep Meyer oil zone proves the existence of a 
definite closure of at least 600 feet. 
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Above the oil horizons lies a shallow gas zone. This is encoun- 
tered at a depth of 2,000 to 2,100 feet. It appears to be about 1,500 
feet in thickness and to consist of sandy shales, sands, and shales with 
streaks of sand. The gas caused several disastrous blow-outs to drill- 
ing wells. At a depth of 3,500 feet, or immediately below the gas 
zone, is the first or Foix oil zone. It consists of sediments of much the 
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same nature as those above it but is probably more consolidated. The 
zone has an average thickness of 180 to 185 feet. Wells drilled into 
it averaged about 1,500 barrels daily in initial production. The hori- 
zon iS a minor one compared with the underlying zones, its productive 
area being only about 28 acres. Outside of this area the zone is water- 
bearing. 

At the base of the Foix zone is a thin body of brown shale which 
separates it from the underlying Bell zone and acts as a cap for the 
latter. The top of the Bell zone ranges in depth from 3,650 to 3,850 
feet in the productive areas. It has an average thickness of 370 feet. 
The upper 200 feet are oil-bearing in the center of the structure. Be- 
low this water is present. The productive area is about 600 acres. 
The wells had about the same average initial production as those in the 
Foix zone, but the larger oil-containing area made the aggregate pro- 
duction far more important. 

By far the most important of the zones is the deep or Meyer zone. 
This lies immediately under a sticky brown shale, which forms the 
base of the Bell zone. The zone itself appears to be about 900 feet 
thick but is divided by shales into three sub-zones. The wells drilled 
to the upper subdivision, which is about 100 feet thick, had average 
initial yields of 4,000 barrels daily ; those to the middle zone, 400 feet 
thick, about 4,500 barre!s; and those to the deep zone, 375 feet, an 
average of 6,000 barrels in the central part of the structure. No wa- 
ter was found between the subdivisions, but edge water was found 
surrounding the productive areas of each one of them. The produc- 
tive portions in the upper divisions amounted to about 1,500 acres. 
The total in the lowest subdivision was considerably less, edge water 
reaching much closer to the center of the structure than it did in the 
others. 

In each producing zone there is an abrupt change from oil to 
water on the edges of the producing areas. The level of the edge 
water is about the same around the oil in each zone. This is a very 
definite indication of the regular character of the structure and of the 
even and high porosity of the different zones. Analyses of waters 
from the different zones indicate that the waters in the Foix and Bell 
zones are mixtures of altered connate and meteorie waters. Those of 
the Meyer zone, while altered, are primarily of connate origin. Oil 
from the Meyer zone averages 34.7° Baume; that of the Bell zone, 
30.2° Baume ; and that of the Foix, only 26.5° Baume. The differences 
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are probably due to differences in the degree to which they have been 
affected by the waters with which they have come in contact. 

Upright Asymmetrical Anticlines—Productive structures of the 
upright asymmetrical type are more common. They occur in practi- 
cally every oil field of the world. In many of them faulting or vari- 
ations in the porosity of the productive horizons serve to prevent the 
concentration of the oil and gas in those points which are most favored 
by major structural considerations. The effects of changes in porosity 
are especially noticeable in the producing structures of Paleozoic age. 
Faulting introduces complications in many of the Tertiary and Creta- 
ceous types. 

Two of the structures developed near the Inglewood or Newport- 
Beverly Hills Fault Zone in the Los Angeles Basin, the Long Beach 
and the Dominguez anticlines, are excellent examples of this type of 
structure. They are both free of faults of any size and the uncon- 
solidated nature of their sediments guarantees gravitational separa- 
tion. 

Long Beach, California..—The existence of the Long Beach strue- 
ture was indicated both by the presence of two dome-like hills, Signal 
Hill and Reservoir Hill, and by surface dips in the outcrops of the 
San Pedro formation. Lack of knowledge of the underlying forma- 
tions and the drilling of deep dry holes in adjacent areas tended to 
retard interest in the area prior to the discovery of the deep produc- 
tion in the Huntington Beach area lying immediately to the south 
in 1920. The discovery well was completed in 1921, and the pool 
had produced up to the close of 1926 more than 200,000,000 bar- 
rels of oil. The development of the structure was characterized by 
much town-lot drilling with its accompanying wasteful expenditure 
of gas. However, acre yields have been extremely high, and much 
oil still remains to be recovered. 

The shallowest producing zone was the Wilbur, reached at a depth 
of 2,100 feet at the apex of the structure. It is approximately 200 
feet thick but is of little importance as an oil producer. It is water- 
bearing near the edges of the structure, and the high gas pressure 
makes control of production difficult in the center. The first impor- 
tant oil horizon is the Alamitos with a thickness of 670 feet. It 

1 Data on Long Beach mainly from the following: 

Case, J. B., and Keyes, R. L.: Report on the Long Beach Field, California 


Oil Fields, Vol. 9, No. 4, 1923. 
Schwennsen, A. T., Overbeck, R. M., and Dubenduorf, H. H.: The Long 


Beach Oil Field and Its Problems, A. A. P, G., Vol. 8, pp. 403-423, 1924. 
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really consists of two zones: an upper one with a thickness of 400 
feet, and a lower one of 270 feet. The separation rests primarily upon 
differences in the character of the oil produced rather than upon 
definite identification of a shale break. The oil in the upper portion 
is of 21 to 23° Baume while that in the lower averages 25°. Most of 
the wells drilled to this general horizon produce from both portions 
at the same time. 

Similarly the separation between the lower portion of the zone and 
the underlying Brown zone is not clearly defined. The Brown zone 
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has a thickness of about 250 feet and yields an oil of 27 to 30° Baume. 
The Bixby zone, the most important of the horizons of the pool, hes 
below the Brown. It is separated from it by shales and by a water- 


containing horizon. It yields oils of 27 to 31° Baume and is con- 
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sidered to be productive through a vertical range of 2,400 feet. A 
still deeper zone discovered in 1927 extended production to below 
6,000 feet. 

It must be recognized that these zones are not composed of con- 
tinuously productive oil sands but are separated by a number of 
shale breaks into a series of closely related subdivisions. These breaks 
have probably been of major importance in the accumulation of the 
oil and in separating it from the waters contained in the horizon. 
Edge water lines are determined in no small measure by the amount 
of oil imprisoned in one of these subdivisions. The invasions of edge 
water as oil is removed may be expected to come differently in differ- 
ent parts of the zone. 

The productive horizons are considered as belonging mainly to 
the Fernando formation of the Pliocene but may extend down to the 
underlying Miocene. The structure owes its value to intensity of the 
folding and to the great thickness of the productive zones rather than 
to large horizontal extent. The proved area is only about 1,200 acres; 
but the vertical closure is 1,200 feet; and the thickness of the oil- 
yielding zone, nearly three times that figure. The axis of the produc- 
tive part of the fold extends in a north-west to south-east direction 
for a distance of three miles. The greatest productive width is about 
three-fourths of a mile. The ‘dip of the beds on the southwest flank 
is considerably greater than that of those on the northeast side. The 
northwestern end of the fold is somewhat larger than the southeastern. 

Dominguez, California..—The discovery well at Dominguez was 
completed in September, 1923, and the pool passed the 25,000,000- 
barrel mark in total production in the three years following. The 
structure is controlled by a few large companies and is being drilled 
conservatively. Except in the upper zone, its possibilities were still 
largely unknown three and one-half years after the discovery. The 
apex of the Dominguez structure lies approximately three miles 
northwest of that of Long Beach. Structurally it is very similar to 
the latter, having steeper dips on its southwest flank than on the 
northeast and a more gentle slope at its northwestern end than at the 
southeastern extremity. 


1 Data on Dominguez mainly from the following: 

Dodd, Harold V.: Dominguez Oil Field, California Oil Fields, Vol. 12, No. 4, 
1926. 

Katon, J. E.: Geology of the Dominguez Oil Field, O. & G. J., Vol. 25, 
No. 18, p. 32, Aug. 19, 1926. 
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The bulk of the production up to the present has come from the 
Callender zone found at a depth of 3,670 feet at the center of the 
structure. The zone is considered as approximately equivalent to the 
Brown zone in Long Beach. Strata equivalent to the Wilbur and 
Alamitos zones at Long Beach are barren, except for about 100 feet 
of sand streaked with shale immediately above the Callender zone. 
This contains small amounts of gas and oil and has been utilized in a 
few wells. The upper portion of the Callender zone is fairly definite, 
but the lower portion changes gradually into beds in which shale pre- 
dominates. The best production probably comes from the upper 200 
to 250 feet. Except in edge wells, where the Callender zone contains 
water, an agreement between the operators has prevented producing 
from a distance greater than 400 feet below the bottom of the water 
shut-off. This was usually made immediately above the best portion 
of the Callender and placed the bottom of the holes in the shale beds. 
A few edge wells have discovered commercial production below the 
shale. Several have indicated the probability of commercial produc- 
tion through a considerable vertical range in points located near the 
center of the structure. No centrally located wells had tested this 
area up to the time of writing. 

The proved area of the Dominguez pool is placed at about 900 
acres. This may be increased somewhat by deeper drilling, but the 
size of lower producing zones is expected to be very little greater than 
that of the Callender. The closure of the structure is considerably 
smaller than that at Long Beach and its ability to cause accumulation 
and retention considerably less. 

Inclined Asymmetrical Anticlines.—In the strictest sense the 
majority of the world’s anticlines would probably be called inclined 
folds. The inclination of the axial plane in most is so slight that it 
is of minor importance to the geologist in locating test wells. Minor 
shifts in the position of the axes of the different horizons are not of 
importance where the structure is largely filled with oil and gas. 
However, in many of the Rocky Mountain structures the amount of 
these substances is only sufficient to fill a very small portion of their 
domed sections. Shifting of the axes in underlying beds may cause 
the drill to pass through a structurally unfavorable location despite 
the fact that it was located at the crest of the surface beds. A failure 
is not only costly but may condemn a structure that is later found to 
be of considerable value. The difficulties of determining the rate of 
shift, and in some cases even the direction of shift, are great; and 
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erroneous deductions are not infrequently drawn from the appearance 
of outeropping beds. 

In general it would appear that the majority of inclined folds oe- 
cur in sections in which the beds have been subject to direct horizontal 
thrusts rather than in sections where they are the result of vertical 
uplifts developed from horizontal movements in deeply buried strata. 
The axial plane tends to slope in the direction of the wider and more 
gently sloping flank and away from the steeply pitching one. In the 
case of the Wheeler Ridge structure in the southern part of the Valley 
Field in California, the axial plane slopes toward the direction of the 
thrust. In many of the anticlines in the Rockies, it would appear 
that the axial plane slopes away from the direction of thrust. No 
entirely satisfactory explanation of the difference is known to the 
author. Each case must be considered as an individual one in which 
there has been an individual combination of forces and sediment and 
basement rock characteristics. 

Yenangyat-Singu Anticline, Burma.'—The Yenangyat-Singu or 
Singu pool of Burma is a typical long inclined asymmetrical fold. 
The productive area is of small size making the location of the crest 
in the oil horizons important. The wells that were drilled upon the 
crest as outlined on the surface encountered an extremely thick body 
of sand but did not produce oil or gas in commercial quantities. The 


Yenangyat-Singu anticline. After Thompson, A. B.: Inst. of Min. and Met. 
Trans., Vol. 20, p. 222, 1911. 


richest. and shallowest wells were found along a line parallel to the 
surface crest but between 300 and 400 feet to the west of it. Careful 
examination and correlation of the drilling records showed that the 
great thickness of sand measured on the east side of the fold was due 
to the nearly vertical position assumed by those sediments. The axial 

1 Pascoe, E. H.: Records, Geol. Survey, India, Vol. 34, pp. 253-260, 1906; 
and Memoirs, Geol. Survey, India, Vol. 40, pp. 101-123, 1912. 
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plane was found to make an angle of 36 degrees with the vertical, 
swinging the axes of each bed farther to the west as the drill went 
deeper. On the more gently sloping western flank, the decrease in 
productivity and the encroachment of edge water followed normal 
lines. 

Wheeler Ridge, California..—The Wheeler Ridge structure is re- 
sponsible for a marked topographic feature—the Wheeler Ridge. 
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This rises to an elevation of 1,500 feet above the floor of the southern 
portion of the San Joaquin Valley in California. The structure was 
tested as early as 1914 by drilling, but the first commercial well was 
not completed until 1922. Since then a substantial yield has been 
obtained. The producing portion is a domal area upon a very narrow 
anticline having a distinct east-west trend. The western end of the 
major fold ends in a series of faults; the eastern end plunges off. 
South of the ridge the structure is very complicated, the area being 
part of the mountain system which ends the valley. 

The oil is found in three zones: a tar zone, of no commercial im- 
portance found between 1,500 and 1,700 feet of the surface near the 
axis; a second zone, containing pumping wells which average 150 
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Fig. 57.—Cross-Section of Wheeler Ridge Dome. After Kaiser, 0. L.: Cali- 
fornia Oil Fields, Vol. 9, No. 12, p. 27, June, 1924. 


barrels a day; and the deep zone, in which larger and flowing wells 
have been developed. There is no true break between the two lower 
zones which extend from a depth of about 2,100 feet to more than 
4.000 feet. The oil in the deep zone is of higher gravity than that 
of the second, 31° Baume as against 25°, and is under substantial 
gas pressure. 

The productive area does not appear to be affected by faulting al- 
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though major faults occur nearby. The sands are thick and generally 
considered as regular. The surface beds on the north flank show a 
dip of between 40 and 50 degrees; those on the south, approximately 
10 degrees. The north dip indicated in the underlying beds appears 
to be even more pronounced. The subsurface axis of the second oil 
zone is 600 feet to the south of the axis of the surface beds. The axis 
of the third zone is still farther to the south. The best locations are 
naturally considerably to the south of the surface crest and the prob- 
able productive area different in extent than that which would be 
outlined by closures on the surface horizons. The structure is con- 
trolled almost entirely by one company, and its development has been 
slow because of low oil prices and the lack of necessity for offset drill- 
ing. 

Anticlines with Curved Axes—In the examples cited, the axial 
planes have been considered as true planes. Vertical curvature of 
the axial planes probably occurs in some of the folds in the highly 
contorted strata of the Roumanian and Polish fields. The lack of 
complete data prevents citing of actual examples of such conditions. 
Their existence is to be anticipated in sections in which competent and 
incompetent beds alternate. Horizontal curvature of the axes and of 
axial planes is of common occurrence. The examples given previously 
may almost be considered as abnormal in that they have practically 
straight axes. The majority show simple curvature to some extent. 
Some go farther and indicate a division of the axis of the fold into 
two or even more axes. One of these usually remains of major im- 
portance, but in some the two divisions of the axis seem to be equal in 
structural value. Where the sub-axes are roughly parallel, the divi- 
sion may be considered as resulting from variations in the character 
of the sediments at the time of folding. Where one of the sub-axes 
makes a large angle with the main axis, the existence of forces work- 
ing in different directions from those causing the main folding is 
indicated. In such cases the structure must be considered as being 
closely related to domal folds in which two axes are fully developed. 

Grass Creek, Wyoming.'—The anticline upon which the Grass 

1 Data on Grass Creek mainly from: 

Hewett, D. F., and Lupton, ©. T.: Anticlines in the southern part of the 
Big Horn Basin, Wyoming, U. 8. G. S., Bull. 656, 1917. 

Estabrook, KH. L.: Production problems in the Grass Creek oil field, Mining 
and Metallurgy, No. 182, pp. 65-66, 1922. 

Hewett, D. F.: Geology and Oil and Coal Resources of the Oregon Basin, 
Meeteetse, and Grass Creek Basin Quadrangles, Wyoming, U. S. G. S., Prof. 
Paper 145, 1926. 
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Creek pool is located is found in the southwestern portion of the Big 
Horn Basin of Wyoming. It is one of a series of folds generally 
paralleling the main ridges of the Absaroka and related mountain 
ranges, which he to the south and west and form the borders of the 
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Fig. 58.—Structure map of the Grass Creek oil pool, Hot Springs County, 
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basin. The anticline coincides roughly in location with a conspicuous 
basin surrounded by a rugged escarpment of Mesaverde sandstone of 
the Upper Cretaceous. The discovery well was drilled on the top of 
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17) 7 * 
TABLE 49.—GEroLOGIC FoRMATIONS OF THE Big Horn BASIN, WYOMING. 


+ 
East and west sides of basin. 
System. nee 
4 hickness “fey f ks. 
Formation. fi feat, Character of rocks 
Alluviuims.--- see. sees 0-50 | Valley and flood-plain deposits along streams. 
Quaternary}! TTot-spring deposfts...|...... ....- Local deposits of calcareous tufa. - - 
Terrace gravels ....... 0-30 | Gravels and boulders washed from adjacent mountains. 
Volcanic rock. (?) Andesitic tutfs and flows on west side of basin. 
ertii T: Red and drab clay; buff and white sandstone with gravel 
dextiary. We asat 1,300+ lenses. Many areas of badlands around border of basin. 
Unconformity 
Fort Union. Buff and white gritty sandstone, with drab, red, and 
F 2,000-5,600 green clay; lenses of gravel and lenticular beds of coal. 
serreeeeeee Unconformity 
Tertiary? Buff and drab sandstone with drab and green shale. No 
oi Lance. 840-1,800 | “red shale or coal beds. 
: Soft gray and brown shale; gray and buff sandstone and 
Meeteetse. | 250-1,400 | “lenticular beds of coal. 
5 Buff and white sandstone, gray and brown shale and lentic- 
Montana. | Mesayerde. | 1,120-1,410 | “iar tyeds of coal near base. 
Gray, green, and black shale, with calcareous concretions 
Cody. 1,900-3,400 near base, merging with buff sandstone at top. No per- 
sistent sharply marked beds. 
Cretaceous. ce 
West side: Seven or more beds of gray and buff sandstone 
Frontier. 494-648 with gray and brown shale and bentonite. 
East side: Two to six or more beds of sandstone. 
Colorado. 
- -- | Hard gray shale containing fish scales with lenses of gravel- 
Mowry. 160-375 | “bearing sandstone. 
Thermop- Gray to black shale with one persistent sandstone, the 
olis. 400-800 Muddy sand of the drillers. 3 
Bee Two beds of massive buff sandstone separated by gray or 
Cloverly. 110-300 | “ variegated shale. Upper sand is the Carpal 
Cretaceous} \forrison 150-5so | Purplish and pale greenish-gray shales with sandstones in- 
f 3 terbedded. 
Jurassic, || Sundance. 250-530 Sa Sas and shales with a little limestone 
peteay Aes. a “Red Beds’’: Red sandstones and shales with a thick bed 
Triassic. || Chugwater. 700-1,100 of gypsum near top. 
> 2, | Gray limestone, with gray and red sandy shale and sum 
Raber, 250-480 | “interbedded. ’ Limestone very thin on east side in. 
Tenslecp. 30-230 pee gray sandstone, containing thin layers of Jime- 
stone, 
yf Red sandy shales and sandstones, with layers of limestone 
SEES 150-200 | “and chert. : 
Madison. 600-1,000 | Gray massive limestones. 
Ordovician} Bighorn. 150-300 | Siliceous gray limestone, very hard and massive. 
Cambrian, || Deadwood. 700-900 | Sandstone, shale, conglomerate, and limestone. : 


r 


* After Hewett, D. F., and Lupton, C. T.: U. S. G. 8. Bull. 656, p. 16, 1917. 


the structure as outlined by outerops in 1914. The development of 
the pool was largely completed by 1919. The productive area was 
about 1,600 acres; and the maximum annual production, obtained in 
1917, 2,951,000 barrels. 

While some oil has been taken from the underlying Morrison, 
Kmbar, and Tensleep formations, the bulk of the oil in Grass Creek 
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has come from a series of thin and in part somewhat lenticular sands 
in the middle of the Frontier formation. The sands occur at widely 
divergent depths in different parts of the structure because of the 
intensity of the folding. All wells are, however, comparatively shal- 
low. Excluding the Little Grass Creek dome, which lies immediately 
west of it, the closure on the Grass Creek structure proper is indicated 
as being approximately 1,800 feet by surface data. The fold outlined 
has an extremely steep slope to the southwest and a moderate dip to 
the northeast. The axis is indicated as having the form of a great are, 
its northern end having a north-south strike and its southern end an 
east-west direction. 

The contours drawn in the upper of the productive sands in the 
Frontier formation correspond very closely in outline with those of 
the surface beds. The presence of three minor high spots in addition 
to the major one is indicated. One of these is included within the 
area of accumulation dominated by the major closure; the others are 
of very little commercial importance. The axial plane has apparently 
shifted a little to the northeast, but the shift is so slight that it is of 
very little importance commercially. 

In comparison with other pools in the Rocky Mountains, the pro- 
ductive area of the structure is large. However, oil does not by any 
means fill the area included within the maximum closure. In addition 
the edge water line, even at the beginning of operations, was not hori- 
zontal but varied in elevation in different parts of the pool. In the 
southeastern ‘portion of the main producing area, oil extended down to 
a line 950 feet lower vertically than the elevation of the producing 
horizon at the apex of the fold. At the northern end water was en- 
countered at a point less than 300 feet lower structurally than the 
apex. This may be due to lenticularity in sands, which have been 
assumed to be continuous, or more probably to the effects of circulat- 
ing waters present in the Frontier sands. 

Domes or Quaquaversal Anticlines——Unless the intensity of the 
folding along the subaxes developed from the main axis is comparable 
with the folding along that line, it has little effect upon the general 
form of the structure. The existence of such action can be inferred 
where one end of an anticline, or merely the end of one flank, assumes 
an abnormal width. An excellent example of division of the major 
axis is found in the Rock Springs uplift. The major axis of that fold 
divides at both ends. In some of the smaller structures, it would ap- 
pear that no true axis is present and that the fold is circular or domal. 
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Some structures, particularly those found in sections containing less 
consolidated rocks, are so nearly perfect in outline, that contour maps 
of them appear as a series of concentric lines. In the more consoli- 
dated rocks, such as those of the Paleozoic, the perfect domal outline 
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Pid. 59.—Sketch map showing divisions of the axis of the Rock Springs anti- 
cline, Wyoming. After Shultz, A. R.: U.S. G. S. Bull. 702. Plate 1 1920 
. 702, Pla: , 1920. 
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is seldom developed except in the smaller structures. Minor irregu- 
larities in contour lines, especially those which are based upon accu- 
rate subsurface data, tend to modify but not usually to destroy the 
circular outline. In some of these it is possible to distinguish two 
axes. One is generally more important than the other, but the angle 
between them is such as to make it impossible to consider the one as 
having developed from the other. 

Where it is possible to distinguish one axis from the other, it is 
difficult to consider the structure as having been produced by forces 
acting in one direction only. In most cases it would appear most 
logical to consider the structure as the product of two periods of 
folding in which the forces were applied from different directions. 
Possibly in the case of minor folds the two axes may be considered as 
having resulted from unequal compacting above an irregular deposi- 
tional surface in which similar ridges existed. This can hardly be 
used in explaining the existence of folds of high closure. 

Where the dome shows no definite axes, three explanations other 
than that of equal compacting may apply. The fold may be con- 
sidered as the product of two periods of folding, the absence of the two 
axes being explained by the high plasticity of the unconsolidated 
sediments. The second possible explanation is that of torsional move- 
ment in the underlying basement rocks resulting in straight vertical 
uplift. The third is that of uplift through the action of rising igneous 
masses or salt cores. The absence of evidence to support the third 
explanation forces reliance up the first two in most fields. 

Petrolia, Texas.'—The Petrolia gas and oil pool has been an im- 
portant source of oil and gas since 1907. It les in northern Texas 
immediately south of a town of the same name. In recent years its 
gas has been of major interest because of its high content of helium. 
The productive area is slightly under 15 square miles in extent. 
From a geologic standpoint the chief interest lies in the outline of the 
pool. The oil is obtained mainly from the Wichita formation of the 
Permian age and is reached at a depth of only 300 feet. The gas is 
found in a series of sands in the Cisco formation of the Pennsylvanian. 
These lie between 1,550 and 1,700 feet below the surface. About one- 
third of the wells in this horizon yield oil, but it is known chiefly as a 

1 Data on Petrolia mainly from: 

Shaw, E. W.: Gas in the area north and west of Fort Worth, U. 8S. G. 8. 


Bull. No. 629, pp. 15-75, 1916. 
Shaw, E. W., and Ports, P. L.: Natural gas resources available to Dallas and 


other cities of central north Texas, U. 8. G. 8. Bull. 716, pp. 55-91, 1921. 
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source of gas. The outline of the pool has. been completely marked 
by the drilling of dry holes, which demonstrate that the occurrence of 
the oil and gas is closely controlled by structural conditions. 

The structure is of unusual shape. The strike of the major axis 
of the fold is slightly west of north. A subordinate but very definitely 
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Fre. 60.—Structural map of the Petrolia pool, Texas. Contours on the gas 
sand. After Shaw, E. W., and Robinson, H. M.: U.S. G. S. Bull. 716, p. 67, 
OBIE 


outlined axis extends to the northeast and gives the area contained 
within the closure the general outline of a very broad letter ‘‘Y.’’ 
In the northern part of the structure between the two axes, there is a 
relatively steep rising syncline. 

The explanation of the form of the structure is difficult. The most 
logical explanation seems to be that of a cross anticline resulting from 
two systems of folding of unequal intensity, the thrusts being from 
directions perpendicular to the strikes of the axes. 

Bald Hill Dome, Oklahoma.'—The Bald Hill Dome lies in the 
northern portion of Township 20 north Range 12 east in the eastern 
part of Osage County, Oklahoma. It was one of the first areas to be 


1 Ross, C. S.: U.S. G. S. Bull. 686-N, 1922. 
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developed in that state, drilling beginning in 1908 and reaching its 
crest in 1914. The structure was never a sensational one, the average 
initial production of the wells being only about 40 barrels a day. 
However, the yields were well maintained, and the conditions were 


Fig. 61.—Bald Hill Dome, Eastern Osage County, Oklahoma. Contours based 
on outcropping beds. After Ross, C. 8.: U.S. G. 8. Bull. 686, Plate XXVII, 
1922. 


representative of the productive areas in the eastern portion of the 
Osage country, which contributed so much to production during the 
early development of Oklahoma. 

The structure is outlined in surface beds of Pennsylvanian age. 
The location of the wells shows close agreement between surface struc- 
ture and subsurface conditions. The greater part of the oil was 
contained in the Bartlesville sand of the Pennsylvanian, but some 
wells found substantial amounts in the Mississippi ime. The Bartles- 
ville lies about 1,500 feet below the surface; the Mississippi lime, 
about 400 feet deeper. The thickness of the Bartlesville varies from 
50 to 170 feet, but only parts of this can be considered as sufficiently 
porous to be commercially productive. Variations in sand porosity 
were important in determining the yields from adjacent wells, but 
were not sufficiently marked to affect the general anticlinal distribu- 
tion of the oil. 

The dome is nearly circular in form, but there is a slight indica- 
tion of a north-south axis. The normal dip of the beds in this area 
is toward the west. The dip away from the center of the structure 
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in that direction is more pronounced than to the east. To the north- 
east the beds lie in a terrace-like position and are oil-bearing, but in 
general production is limited to the area contained within the closure. 
This amounts to about 70 feet in the surface formations and includes 
a productive radius from the crest of nearly a mile. 

The Bald Hill Dome is one of the larger domal structures that are 
so common in northeastern Oklahoma. They are found in close asso- 
ciation with typical small anticlines, terraces, plunging anticlines, and 
small faults. The absence of evidence of any strong individual force 
makes explanation of their presence difficult. The explanation that 
appears to be most generally accepted at present is that of uplift 
through torsional action resulting from horizontal movements in the 
underlying rocks. 

Hogback Dome, New Mexico.'—The Hogback pool was the first 
of a group of pools to be opened up in the northwestern portion of the 
state of New Mexico. The discovery well was completed in 1922 and 
produced at the rate of 350 barrels daily, yielding oil of 61° Baume 
gravity. Perhaps the most important thing about this pool and the 
others adjacent to it is the unusually high character of the oil. 

The Hogback and associated structures are sharply defined domal 
structures in a region of otherwise moderate dips. The Hogback 
structure itself has a closure which, according to surface observations, 
would include approximately 18,000 acres. The producing portion of 
the structures is less than half of one square mile in extent. The 
surface structure shows the area within the closure to be triangular 
rather than circular. The dip on the east and southeast portions is 
somewhat steeper than the slope to the north and west. The outline 
of the area immediately adjacent to the apex of the fold, as indicated 
by subsurface contours drawn from well data, shows the existence of 
north-south axis of greater size than the east-west and tends to give 
the fold an anticlinal appearance. 

The producing horizon is a thin sandstone in the Dakota formation. 
This is possibly somewhat lenticular, but the variations in its porosity 
have not affected the accumulation of oil to any great extent. The 
producing wells reached the sand at depths of less than 800 feet. The 
subsurface contour map shows a difference of less than 20 feet be- 
tween the top of the Dakota sandstone in the well that was located 
highest on the structure and those which contained edge water. The 


1 Nowels, K. B.: Navajo Reservation Development, O. & G. J., Vol. 24, No. 
19, pp. 255-—, Oet. 1, 1925. 
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wells flowed naturally. This was not due to gas pressure but to the 
heavy water pressure, the Dakota being water-bearing wherever pene- 
trated away from the apex of the fold. 

The forms of the Hogback and other structural features of the 
area are considered as due to local uplifts caused by the Carrizo 
Mountains to the west, the La Plata Mountains to the northeast, and 
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Fig. 62.—Structure map of the Hogback pool, New Mexico. Contours on the 
top of the Dakota sandstone. After Nowels, K. B.: Oil and Gas Journal, Oct. 1, 


1925, p. 256. 


Ute Mountain to the north. These are mainly of igneous origin. In 
the San Juan Basin in which the structure lies there is considerable 
evidence of igneous action in the form of plugs and dikes, but there 
is no evidence to indicate that the oil-yielding domes are of laccolithic 


origin. 
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Lost Soldier Dome, Wyoming.'—The Lost Soldier Dome is one 
of a series of folds that are found in the Lost Soldier-Ferris district 
of south central Wyoming. This district lies at the northern end of 
the Rawlins uplift, one of the major upfolds of the Rocky Mountains 
in that state. The general outline of the dome is indicated by out- 
cropping Cretaceous strata, but much of the structure is concealed by 
alluvium. The size of the closure, 3,100 feet, made it possible to work 
out the structure despite this handicap. The first well was completed 
in 1916 at a depth of 239 feet. It was located on the apex of the dome. 
It produced from the Upper Frontier sand in which the oil-containing 
area was only 160 acres. Other sands of minor importance were 
encountered in the Frontier formation. 

The Mowry formation immediately below was also productive. 
Wells averaged 200 barrels in initial production, and the oil-contain- 
ing area amounted to more than a square mile. The most important 
horizon, however, was the Dakota in which wells having an initial 
yield of from 300 to 4,000 barrels were completed. Several wells 
yielded very large flows immediately above the Dakota and were con- 
sidered to have penetrated fault fissures. The Dakota was of consid- 
erably greater lateral extent than the upper formations; and the yield 
from it, of greater importance. Production was obtained from the 
Lakota also, and in 1926 a well was completed in the Sundance. By 
the end of 1926 the total number of producing wells in all horizons 
had increased to 70, and their combined production for the year was 

1,909,000 barrels. 

The Lost Soldier Dome is elongated in a N. 30 W. direction. 
Otherwise it has the form of a true dome. The slopes on the northern 
and southern ends are not as steep as those on east and west sides. 
The structure is complicated by faulting, especially to the north and 
east. Most of the faults are beyond the productive area and of little 
importance. Some apparently cut the productive portions as well. 
The faults have not affected the anticlinal accumulation but have evi- 
dently permitted circulation between one horizon and another. Im- 
provement in recovery from wells in the Frontier has been noted as 
resulting when wells in the Dakota were shut down temporarily. 

The structural history of the area in which Lost Soldier lies is a 

1 Data on Lost Soldier mainly from: 

Fath, A. E., and Moulton, G. F.: Oil and Gas Fields of the Lost Soldier- 
Ferris District, Wyoming, U. S. G. 8. Bull. 756, 1924. 

Krampert, E. W.: The Rawlins-Lost Soldier District, A. A. P. G. Bull. a 
pp. 131-146, 1923. 
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somewhat confused one. The major structural movement was prob- 
ably that during which the Rawlins uplift was formed. The align- 
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Fig. 63.—The Lost Soldier Dome, Wyoming. Structure on the Wall Creek 
sand. After Fath, A. E., and Moulton, G. F.: U. 8. G. 8S. Bull. 756, p. 33, 1924. 


ment of the oil- and gas-containing folds is transverse to the major 
axis of that uplift. This suggests the probability that other forces 
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Lost SonpIER DISTRICT IN 


Thickness 


Ryatern Series cone Wormnat fee Characteristics 
ie ai dunes. 
Quaternary Recent 0-300 ene 
Terrace gravels. 
Ciera orieas Wasatch 1,800 Freshwater white ss. and sh. Local coal. 
Unconformity | A z 
: ‘ Alternating beds yellowish-brown ss. and 
Tertiary Eocene Rochon 6,000 drab sh. Beds of rusty brown ss. in 
lower part. Local coal. 
: ‘ 
2 Uneonsormity Tare 1,500 Alternating beds yellowish-brown ss. and 
3 dark sh. Local coal. 
Tenis 1,000 Dark drab sh. including local ss. and beds 
of coal. 
iy Alternating beds ss. and drab sh. with 
Montana Mesaverde | 1,500-2,000 | beds of coal. Prominent beds white ss. 
at top and bottom. 
Dark sh. upper part sdy. grading upward 
Steele 4,520 into ss. Lower part slightly sdy. with 
irregular sand at base. 
Dark gray sh. with several persistent 
Niobrara 1,385 coneretionary claystone beds at top. 
Upper 400 ft. might have been included 
in Steele sh. Lower 300 ft. may be 
Carlile sh. 
Cretaceous Upper Colorado 
ces Grotncontia Upper part consists of from 3 to 7 sand- 
stones with thinner beds of sh. Lower 
Frontier 660 part dark gray sh. with occasional thin 
ss. 
Mowry 360 Dark fissile sh., weathering silver gray on 
exposed surfaces. 
Thermopolis 75 Black sh. with sandy layers and one or 
more thin white sandstones. 
Cretaceous ‘ Dakota 40 Uniform fine-grained white ss. 
Lower 
Cretaceous | Cloverly Dark gray sh. above vari-colored sh. 
Fuson 105 below, sometimes sandy. 
Lakota 60 Massive conglomeratic ss. 
———_———|— Local Unconformity : 
Morrison 225 Gray and greenish sh. alternating with 
’ green sdy. sh. and white ss. 
Jurassic 
Sundance 625 Fossiliferous ls. and gray sh. above. Buff 
ss. below. 
Triassic Chugwater 1,200 Bright red sh. and ss, several prominent 
Permian beds of white ls. 
Permian Embar 660 Pink and white ls. alternating with red 
limy shale. Gypsum. 
Pennsylvanian Tensleep 450 Massive white ss. above. Thinner 
bedded ss. alternating with sh. below. 
Mississippian Madison 350 Massive white ls. 
= Unconformity 
Cambrian z : Deadwood 400 Purple to pink quartzite. 
Unconformity 
Archean 


Pink granite. 


* After Kampert, EH. W.: A. A. P. G. Bull., Vol. 7, pp. 138-139. 
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assisted, if they did not dominate, the making of the group of folds 
in which Lost Soldier is located. 

Cotton Valley, Louisiana.'—The Cotton Valley oil and gas pool 
is situated in the northern part of Webster Parish, Louisiana. Sur- 
face outcrops were not satisfactory, and its discovery was the result 
of an intensive wildcat drilling campaign to develop other structures 


Hts 


waa 


R-10-W R-O-W 


a 
ea | 
hy 


AK AAR Re Te UT TT 
PATNA ST 7 | 


steal aby | 
Sane 
AlAs 


2 
BZ 


4 


7 21- 


BSCR 


SaSeSKSSEn 
| at 
NESS 


XIN 
BELUUNNNEEZ Za 
GOENe cam 


RNR 


i | 
BE Vanier sGMes 
PEN AT TAT ATE LN AT 


PA ATA TTA Pires IN | 


> 
2 


aN 
6a is 
LlOaoSeh eho 


NAT 


AT RAT aT 
Rie 


\ 


ADCS AIST 


AA YAN 


A 
| 
Ht 
i 
- 
= 
ie] 


LEGEWO 


© On WELL ZF Aasnooned CAS WELL CONTOURS - LAWN OY TOP OF PRODUCING 
Pasansows 01 tit B ABANDONED LOCATION BlLosse IANO. INTERVAL 20 /EET. 
eas mecl Vi ABANOONED SALT WATER rei 

Mon BomsS rE 


Fig. 64.—Sub Surface map of the Cotton Valley Pool, Webster Parish, Louisi- 
ana. After McDonald, Worth W.: A. A. P. G. Bull., Vol. 9, p. 876, 1925. 


similar to the nearby Homer and Haynesville pools. The discovery 
well was a large gasser and was completed in August of 1922. In 
November of the following year, another gas well came in spraying 
oil. The structure produced both large gas wells, some up to 60,000,- 
000 cubie feet in capacity, and flowing oil wells. 

The structure is one of a number of domal folds found in the 
northwestern part of Louisiana. As outlined by contours drawn upon 
the Blossom sand from which the production has been obtained, the 
structure is shown to have some axial development in a northeast to 
southwest direction. In addition there is a minor axis extending to 

1 McDonald, Worth W.: The Cotton Valley, Louisiana, Oil Field, A. A. P. G., 
Vol. 9, pp. 875-885, 1925. 
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the northwest. Wells near the top of the structure were approxi- - 
mately 2,500 feet deep. They reached the producing horizon at a sub- 
sea depth of 2,280 feet. The water line was usually found at a sub- 
sea depth of 2,340 to 2,345, but in some places water appeared at 


TABLE 51.—FoRMATIONS IN THE OIL AND GAS FIELD OF NoRTHERN LOUISIANA AND 
SouTHERN ARKANSAS.* 


Mee Maximum 5 
System, Series. Group, Principal Characteristics Thickness Productive Pools 
Formation in Feet 
Tertiary, Eocene, Claiborne, Gray sand, some clay, shale, 450 
(1) Cockfield lignite, and quartzitic sand- 
stone, non-marine. 
(2) St. Maurice Limonitic clay, sand, calcare- 400 
ous glauconitic shales, ma- 
rine. 
(3) Wilcox Sand, clay, shale, lignite, cal- 600 
careous boulders, glauconitic. 
(4) Midway Clay, limestone, chalk, some 400 
lignite, gypsum. 
Cretaceous, Gulf Dark clay, shale, chalk near 600 
(5) Arkadelphia bottom, marine. 
(6) Nacatoch Fossiliferous limestone, glau- 200 Gas at Caddo, Shreveport, 
conitic sand. Bethany, El Dorado, and 
Smackover. Oil at Homer, 
El Dorado, Bellevue, and 
Smackover. 
(7) Marlbrook Marl, chalk. 350 
(8) Annona Chalk. 600 Gas at Monroe (?) Oil at 
Caddo. 2 
(9) Brownstown Marl, chalk. 300 
Bingen, Caleareous, glauconitie sand. 150 Gas at Bethany and Webster. 
(10) Blossom Oil at Homer, Haynesville, 
Smackover, and Stephens. ~ 
(11) Eagle Ford Shale, caleareous and red in 600 Oil at Caddo and De Soto. 
places. Sandy at bottom. 
(12) Woodbine Sandy, lignitiferous. 150 (?) Gas at Bethany (?) 
Doubtfully present 
Cretaceous, Commanche, Limestones and clays. 300 (?) Gas at Bethany. 
(13) Washita group 
(14) Fredericksburg group Limestone. 50 to 100 (?) 
Trinity group Limestone. 100 (?) Oil at Caddo (Pine Island). 


(15) Glen Rose 


* After Hull, J. P. D.: A. A. P. G. Bull., No. 7, p. 364, 1923. 


depths less than that, and in others oil was found at greater depths. 
In general gas occupied all of the center of the structure, and oil was 
limited to a comparatively narrow belt between it and the water. 
Wells were drilled through Eocene and parts of the Upper Creta- 
ceous prior to reaching the producing horizon, which has been eorre- 
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lated with the horizons in other pools and identified as the Blossom 
sand. This places it at the top of the Eagle Ford shales. A deep 
test on the center of the structure found a substantial volume of gas 
at 4,200 feet. This has been identified as the Upper Glen Rose horizon 
and suggests the possibility of oil in other parts of the structure in 
that horizon and the advisability of even deeper drilling. 

The Cotton Valley structure is one of considerable size. The area 
contained in the structural closure is large, that contained in the pro- 
ductive area alone being 6,000 acres. Compared to its horizontal 
extent the vertical closure is not large. The structure is one of a 
series of domal folds located upon the Sabine and Camden uplift 
areas. Important as these pools are, it is not possible at the present 
time to explain the manner of their origin with any degree of cer- 
tainty. The study of surface conditions is difficult, and the great 
thickness of largely incompetent beds obscures the action of the forces 
that caused the development of the forms now being outlined by the 
drill. 

Terraces and Plunging Anticlines——The factors that are instru- 
mental in causing the development of strong folds with true closures 
are also likely to cause the development of incipient folds when applied 
with less force. In the tilting of large areas of sediments, one does 
not expect that the rate of dip resulting will be uniform throughout. 
When true folds are formed, the forces applied may also be expected 
to produce incipient folds where the combination of conditions is less 
favorable. Where the amount of the tilting of strata is large, the 
variations of the monoclinal slope or the minor partial folds associated 
with the stronger true folds may have little influence upon the move- 
ment of oil and gas. The decrease in the dip in a loose Tertiary hori- 
zon from 25 down to 20 degrees might delay the rate of movement of 
the oil and gas up the slope, but it would hardly be expected to have 
any permanent effect. The geologist pays little attention to such vari- 
ations in the highly tilted and folded rocks from which the greater 
portion of the world’s Tertiary and Cretaceous production is obtained. 

However, where the dips average between 50 and 100 feet to the 
mile and the sands are tightly compacted and cemented, slight de- 
creases in the rates of dip may terminate movements and initiate accu- 
mulation. The termination of the movement implies the presence of 
conditions which tend to neutralize the forces causing movement of 

- the oil and gas up the slope of the horizon containing them. This 
means in most cases that the slope of the container horizon is so re- 
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duced that the force resulting from the vertical movement, which tends 
to cause horizontal migration, is not sufficient to overcome frictional 
and eapillary resistance. Movement away from the basinal area, if 
continued, is due to the push from that direction. In the absence of 
distinct artesian circulation of the water, the push would be limited in 
amount. Some force for such action might be generated by decrease 
in the pore space of container rocks through gravitational or dynamic 
compacting. It is not certain what portion of the force so generated 
would be effective in causing movement. Similarly the buoyancy of 
gas and oil trapped basin-ward from the oil on the terraced flat area 
would tend to force it across that section. 

If the terrace were narrow, the renewal of the movement would 
follow shortly after its cessation. The actual amount of oil trapped 
permanently would be small. This condition appears to have oc- 
curred in the great majority of the terraced sections. However, where 
the terraced area is comparatively large and the slope of the rocks 
basin-ward from it very slight, the forces available for pushing action 
may not be sufficient to cause such movement across the full width of 
the terrace. In many cases they do not appear to have been strong 
enough to move all of the oil from the sloping beds on the basin-ward 
side of the terrace. 

Unless variations in porosity accompany the terracing, the develop- 
ment of high gas pressures is not likely to oceur. Because of this such 
areas are known chiefly as areas of small wells. In general they tend 
to yield oil rather than to contain gas. 

Accumulation in terraced sections is shown best in the true terrace. 
This may be considered as a practically flat belt having considerable 
extent along the strike of the beds. The same conditions apply where 
the terraced section is of ‘‘V’’ shape with the bottom of the ‘‘V’’ 
pointing basin-ward. In this the area of accumulation is more loeal- 
ized, but the factors causing it are the same. Such areas are known 
as plunging anticlines or noses. Closely related to the nose, and at 
the same time resembling the closed anticline are the anticlinal ter- 
races. In these the axis of the incipient fold is nearly parallel to the 
strike of the rocks in the area. There is some slight reversal of dip 
but no true closure. The accumulation naturally resembles to some 
extent that of the closed anticline. 

Numerous eases of structures of these types appear in the surface 
contour maps of producing areas in the Paleozoie fields of the United 
States. A few pools producing from the Cretaceous appear to belong 
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to this group also. However, the fact that the productive area ap- 
pears to conform with the area considered most desirable from the 
theoretical standpoint does not definitely prove the production to be 
caused by terracing. In many of the terraced types of structures in 
the Mid-Continent area, the structure of the producing horizon has 
been found to be a true fold. The terrace or nose in the surface beds 
is merely a surface manifestation of a true fold, which dies out as it 
reaches the upper beds and the surface. In other cases, while the ter- 
racing continues, changes in porosity of the sands must be considered 
as of greater importance in causing accumulation. 

Eastern Osage, Oklahoma.—The eastern portion of Osage County 
in Oklahoma contains a number of examples of accumulation in 
terraced types of structures. In most cases the accumulations are due 
in part to porosity variations, making it difficult to cite simple exam- 
ples. Practically all of the areas are of small size. Wells of 10 to 
100 barrels initial capacity are general; those of larger yield, excep- 


Fig. 65.—Strueture map of the Herridge plunging anticline, Levelette terrace 
and adjacent areas in T. 27 N. R. 10 and 11 E., Osage County, Oklahoma. After 
Robinson, H. M., and Mills, R. V. A.: U. 8S. G. 8S. Bull. 686, Plates XLVI and 
XLI, 1922. 


tional. Some of the production comes from other horizons, but the 
great bulk of the oil has been taken from the Bartlesville sand and 
the Mississippi lime. 

One case of a producing area belonging to this group is found in 
the western portion of T. 27 N. R. 11 E. and the eastern portion of 
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T™ 97 N. RB. 10 Et The pool developed here obtained production in 
the Mississippi lime. The terrace on which the oil wells have been 
drilled is closely allied with an anticlinal area to the east known as the 
Elkins anticline. The terraced area itself contains a central flat 
section called the Levelette terrace. To the north this passes into a 
plunging anticline called the Bacon Rind anticline. This portion 
might be called a dome as it contains a closure of 10 feet. 

To the south a very shallow rising syneline separates it from an 
anticlinal area called the Sand Creek anticline. To the west the 
central terrace area changes into a plunging anticline known as the 
Herridge anticline. 

The structure map shown was drawn on surface beds. It is proba- 
ble that the structure of the Mississippi lime is somewhat more acutely 
outlined, but the general form is believed to be maintained. Gas is 
prominent in the area of the Bacon Rind anticline and also to the east 
on the Elkins anticline. Oil has been taken in substantial amounts 
from the steep western slope of the Herridge anticline and from the 
western portion of the flat Levelette terrace. The wells were not 
large, the initial production being only about 20 barrels daily. Drill- 
ing costs were low, however, and production was fairly well sustained. 
The gas wells to the east and in the Bacon Rind dome were small, 
yielding only 2,500,000 to 4,000,000 cubie feet daily. 

The productive area in the Mississippi lime is not reflected by com- 
mercial production of oil in the Bartlesville sand, which lies above it 
in the Cherokee shales. The sand appears to be too tightly cemented 
to yield oil commercially in this locality. It is productive some dis- 
tance to the south and west, however. The outline of the productive 
area of the Levelette terrace and the Herridge plunging anticline un- 
doubtedly reflects the position of the Elkins anticline to the east of 
it. The closure of that fold is less than 20 feet and the area hardly 
sufficient to control accumulation on the Herridge plunging anticline 
two to three miles to the west of its axis. There accumulation of oil 
must be considered as due primarily to the absence of sufficient slope 
to maintain movement. 

A similar condition is found in T. 21 N. R. 12 B2 immediately to 
the northwest of the Bald Hill Dome described on page 272. Here 
the terraced area has the form of a typical anticlinal terrace, its axis 
ae Robinson, H. M., and Mills, R. V. A.: U.S. G. S. Bull. 686, Parts T and V, 


* Ross, GC. S.: U.S. G. 8. Bull. 686, Part N, 1922. 
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having a northeast strike and being parallel to the general strike of 
the beds in the area. One 10-foot closure has been drawn in the 
contour map of the surface beds, but its size is insignificant compared 
with the size of the productive area. A flat slightly synclinal area 
hes east of the anticlinal terrace, which is known as the Delaware 
anticline. The synclinal area partly separates the producing area 


elie i es 
Yy o7 | 
why wf * 


Fig. 66.—Structure map of the Delaware anticlinal terrace, T. 21 N. R. 12 E., 
Eastern Osage County, Oklahoma. After Ross, C. 8.: U. S. G. S. Bull. 686, 
Plate XXVII, 1922. 


of the Delaware anticline from the Bald Hill Dome and the northern 
extensions of the latter. Part of the synclinal area is productive. 
To the east another terraced section occurs. The more favorably 
located wells show somewhat larger initial yields, those on the crest 
and west flank of the Delaware anticlinal terrace being larger pro- 
ducers than those to its east. Practically all of the wells are in the 
Bartlesville horizon. They are similar in behavior to those of the 
Bald Hiil Dome. Operations have been satisfactory as the wells, while 
yielding only 45 barrels daily in initial production, have been long 
lived and are of shallow depth. 

Berea Grit Pools, Ohio..—One of the most extensive producing 
horizons in southeastern Ohio is the Berea grit of the Mississippian. 
The area is one in which the normal dip is to the southeast toward the 

1 Condit, D. Dale: Structure of the Berea Oil Sand in the Woodsfield Quad- 


rangle, Belmont, Monroe, Noble, and Guernsey Counties, Ohio, U. S. G. 8. Bull. 
No. 621, pp. 238-249, 1916. 
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axis of the Appalachian geosyncline. The rate of dip averages about 
50 feet to the mile. There are very few strong structural features in 
the area. The productive belts not only in the Berea but also in other 
horizons are limited largely by porosity variations and slight changes 
in the rate of dip. It is difficult in many places to determine which 
of the two factors was the more effective. 
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Fig. 67.—Struecture of the Berea sand in the Woodsfield pool, southeastern 
Ohio. After Condit, D. D., and Mills, R. V. A.: U. 8. G. S. Bull. 621, Plate 
XIV, 1916. 


In the Woodsfield pool in which production was obtained from 
the Berea grit, the accumulation seems to follow very closely the out- 
line of a broad plunging anticline. The flat portion of the structure 
was largely an area of minor showings of oil with some gas. The gas 
is most prominent in the northern portion of the area in what is lo- 
cally known as the Burkhart pool. The bulk of the oil was found 
along the southeastern or frontal portion of the broad plunging anti- 
cline. Its occurrence there reflects its inability to maintain move- 
ment to the northwest across the flat terraced section. Migration is 
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naturally difficult because of the fact that the thickness of the sand 
as a whole is only from 20 to 30 feet and the portions that are porous 
enough to yield oil and gas in commercial quantities less than that. 
The so-called “‘pay sands’’ or more porous parts are probably lenticu- 
lar, and the movement from one of them to another is difficult even 
though there is no true barrier between them. 

Osage Pool, Wyoming.'—While conditions in the areas of the 
Osage and in southeastern Ohio, which have just been discussed, are 
representative of a large number of accumulations in the Mid-Conti- 
nent and Eastern Provinces, similar conditions in the Osage pool of 
eastern Wyoming are different from those in other parts of the 
Rockies. 

The Osage pool is located in Weston County, Wyoming. It lies 
on the western slope of the Black Hills uplift. The strata throughout 
the area dip at the rate of five degrees toward the southwest. Locally 
the dip may vary from practically nothing to as much as 20 degrees. 
No closures have been mapped on the surface beds. 

The chief source of oil in the area is the Neweastle sandstone of 
the Graneros shale. Oil is known to oceur in other beds both above 
and below the Neweastle, but they are of minor importance. The 
producing area is commonly divided into an area of shallow wells 
averaging less than 500 feet in depth and a section of deep producers 
with an average depth of 1,400 feet. The two zones are characterized 
by low dips and the intervening area by steeply dipping beds. The 
upper terraced area is the better known because of the larger number 
of wells that have been drilled upon it. The belt between it and the 
lower terrace to the southwest has yielded oil, but the size of the wells 
has not been sufficient to warrant drilling to the depths of 800 to 
1,300 feet needed there. The average yield of the wells in the upper 
terrace and the adjacent steep zone is less than five barrels a day. 

The deeper wells on the lower terrace are more costly to drill. 
However, they are considerably more productive. Some of them 
contain gas. This is not present in any quantity on the upper terrace. 

The Neweastle sandstone outcrops on the eastern margin of the 
upper terrace. This has probably permitted the greater part of the 
original gas and some of the oil to escape. That remaining is logi- 
cally under very slight pressure. As the Newcastle sand varies con- 
siderably in thickness and porosity in different sections, the produe- 

1Qollier, A. J.: The Osage Oil Field, Weston County, Wyoming, U. 8. G. 8. 
Bull. No. 736, pp. 71-110, 1923. 
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tivity of the wells is not based solely upon structural conditions. 
Collier? states that the deep discovery well was located at a point 
near the edge of the zone of steeply dipping rocks between the two 


terraces. Yet it had a strong gas pressure. 


The explanation of this 


is difficult as there is no known structural barrier to the migration of 


EXPLANATION 


S 
—— — Structure contour lines on the upper bed 
ae pendstocebee ter 


— — of the Gran le 
(Fill-tine contours where depth of Newcastle 


Strike and dip of strats 


Well being drillec 


Artesian flowing wel! 


Artesian well with show of oil or gue 


Fia. 68.—Structure map of the Osa i | y 
1. 6 ap age oil pool, Weston County, W i 
After Collier, A. J.: U. 8. G. S. Bull. 736, p. 89, 1922, ice gee 


1 Idem, p. 101. 


CHARACTERISTICS OF FOLDED STRUCTURES 289 


TABLE 52.—GEOLOGIC FORMATIONS IN THE OSAGE OIL Poon ON THE EASTERN 
FLANK OF THE PowbrEr River BASIN, WYoMING.* 


s Thick- 
System, Series. Group. | Formation and member, | mess Character. OU possibilities 
feet). 
Not | Massive cross-bodded light to. buf! sandstones, con- 
TT f " taining large sandy concretions of various shapes, 
cary) Eocene(?) Lance formation. Tes | and gray sandy shale. Fragments of dinosaurs an 
. turtles, 
Light-gray sandstone and sandy shale, with thin 
For Hills sandstone, 504 lar bedding, containing calcareous’ concretions 
In some places. Marine invertebrate fossils, 
Montana, 
Dark-gray clay shale, with indistinct bedding, con- 2 
tainfng many band? of calcareous concretions."‘Nany SE Maes on Hae viele oll tai the Balt Creeley 
Pierre shale. 1,2604 | invertebrate marine fossils usually contained in con- | age eR A 
cretions. Prevailing forms Baculites, Ammonites,| SWC, laws of gas near Mierre, S. Dak, and 
and Jnoceramus, Rey SONE 
Light-yellowish to cream-colored eslearcous shale, 
G a ith some sandstone and impure chalk, Ver: 
Niobrara shele. 200 readily distinguished wherover exposed by its light 
color. 
In upper part dari gray shale, containing many bands 
of concretions; in lower part about. leet of sha! 
Caleareous sandstone. probably the Wall Creek sand. | Showings of oll in lower part of formation in 
Carlile shale, BIO etanaisuambarce Mattascinectstratetcaiaiane a Osage field. Ol! sand in Wokeman and Upton- 
Z-foot sandstone containing shark teeth in the lower AES 
part. 
Very fossiliferous shaly limestone at the top. Shale | 
low contains soveral lines of calcareous concre- | Showing of oil near bottom of formation in one 
Greenhorn limestone. 100 | tions, also fossillferous, At tho base ® second layer | well. © 
of shaly limestone in places, 
Upper Cretaceous, eaaaie 
Dark-gray shale. Calcareous concretions near the top; 
tees Belle ge] shale 560 ia o! sonny ks shale about BS er below the ee oper, part of gals in Osage fleld. 
olorado. member. op; many clay-ironstone concretions in lower part; how! 0 1b several 4 is 
Cretaceous, thick bed of bentonite near base. Very few (ossils. tA 
Hard light-colored siliccous shale; a fair road metal, 
Mowry shalemember.| 150 Contains ‘many fossil fish scales. “Severa) thin beds | Showings of oll in wells in Osage fleld. 
| ol tonite. 
2 
3 7 
% | Netsy shale member. | 25-0 | Soft dark shale und thin sandy lenses 
3 
2 From one to four layers of sandstone separated by beds 
& | Newcastle sandstone | 459 | of shale, bentonite, and impure coal. ‘The lower | Principal oll sand of the Osage, Newcastle, and 
member. sandstone bed contains more or lesscoalin fragments. | Moorcroft fields. 
Called Muddy sand and Oil sand by drillers, 
Dark gray, shale containing few ealearcous concre 
tions. stray oi] sand % inches to 1 foot thick near vi 5 
Sieull Creek shale} 299 | middle. Siliceous shale near base.” Very few fossils, | Showing of light oll 100 feet below top in Osage 
. Called Thermopolis shale by drillers, but represents : 
only basal part of true Thermopolis shale. 
F 4 Showing of light oll in top of formation in Osage 
Light-reddish sand and sandy shale, usually water & 
Dakota sandstone. 5-100 | “fond. Upper Cretaccous fosdl plants. field. Heavy oll in Mooreroft Held. Light ofl 
Fuson formation. 30 | Gray to red shale and thin sandstone. 
Lower Cretaceous. Massive cross-bedded coarse sandstone, gray to buff, | « 
Lakots sandstone. 200 | "interbedded with shale. Lower Crétaccous fossil | Principal oil sand in Mule Creak fla. 
plants. 
Cretaceous (?). Tew et Creta- Morrison formation. 150 | ytassive buff, pale-greon, and maroon sandy shale, 


Greenish-gray and dark-gray shale, with thin limo- 
Jurassic. Upper Jurassic. Sundance formation. sso | “stone and buff sandstone, Many Belemnitey and | Possibly an oll showing in Moorerott field, 
other fossils, 


The Ghugmarsn formation of the Big Horn Basin, 
is 


Spearfish formation (“Red | 55) | Red sandy shale and soft red sandstone with beds of | which 1s probably equivalent, in part, to the 
‘Triassic (1). forty aia 500 Eynsuaie) No wossils; SpearhishHormatioa, Melis a sail arount of 
oft, 
‘Thin-bedded gray limestone. A few scattering small | Specimens collected in the Rocky Ford field 
Minnekahta limestone. a fois. r. Ffave ss fetid odor thought to be oll. 
Permian(?), 
Opeche formation. 75 | Red sandy shale and shaly sandstone. No fossils, 
Carboniferous. Hard white sandstone and buff and gray luny sand- | y, 
Pennsylvanian, Minnelusa saudstone. 00+ | “stone, more or less cross-bedded. Some thin beds | Yields heavy oll in Recky Ford field and Old 


of limestone and gypsuin, Very few fossils, Wormsn anticline, Wyor 


‘ ; The Madison limestone, which is the Big Horn 
Massive light-gray limestone, Very fossiliferous in ; 

ssissipplan, ‘ahasapa Jimestone. 700 Basin equivalent of the Pabasapa, gives oll 
ts pine Hy # pallens one places: In the Sap Creek field, Mont. 


* After Collier, A. J.: U.S. G. 8. Bull. 736, p. 76, 1923. 


the gas up to the shallow terrace. The cause may lie in the existence 
of minor faults or folds in the sand or in variations in porosity of 
local extent. 

Osage pool has never been a center of great interest. The wells 
are all small. Yet it can hardly be doubted that a substantial amount 
of oil is present in the Newcastle sand. The bulk of it cannot be 
recovered with present methods because of the low gas pressure In 
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all but a slightly domed section on the lower terrace and the areas 
immediately adjacent to it. Some tests report the Neweastle as water- 
containing. The water pressure is not comparable with that in the 
Dakota sandstone. The absence of steady artesian circulation and 
the general tightness of the sand are probably the explanation of the 
accumulation in an area that must be considered as having very little 
to favor it. The gravity of the oil, 39 to 40° Baume, indicates the 
absence of circulating waters with which reactions might occur. No 
seepages have been noted though the Newcastle sand outcrops. 

A smaller section in which accumulation seems to have been caused 
by the same factors is found a short distance to the north in the Upton- 
Thornton pool.t There seepages have been found. 

Broad Anticlinal Folds——The terraced types of structures are 
generally small in size. Gas pressures are usually low and the pro- 
duction of the wells is seldom of the gusher type. Accumulation in 
such areas is due to local conditions, but the original movement of 
the oil and gas is initiated by structural conditions of a regional 
character. Thus accumulation in the terraces of Osage County in 
Oklahoma has resulted from eastward migration of the oil and gas 
up the slope of a westward dipping monocline. The same condition 
has existed in the Osage pool in Wyoming. Terrace accumulations 
in the Berea grit in southeastern Ohio have been made possible by the 
regional dip of the east flank of the Cincinnati Arch or geanticline. 

It would be logical to expect that the crests of large and broad 
anticlinal folds would be areas in which it would be almost impossible 
to drill dry holes. Yet the arched areas of the geanticlinal folds are 
dotted with failures. The productive areas of the crest of the Cin- 
cinnati Arch are separated by non-productive ones of wide extent. 
Similarly the Bend Arch of Texas and the Sabine Uplift of Louisiana 
are productive in only a small portion of their total area. Production 
is limited to those sections in which variations in porosity or loeal 
structural conditions are most favorable. However, that does not 
mean that the geanticline is of no importance. Its regional dips de- 
termine the direction of movement. If continuous porous sands are 
present, they may be the cause of accumulation from points far distant 
from the final resting place of the oil or gas. 

Where the crest of the strong fold is sharply defined as in the ease 
of such structures as Salt Creek in Wyoming, Cushing in Oklahoma, 


1 Hancock, HE. T.: The Upton-Thornton Oil Field, U. 8. G. S. Bull. No. 716, 
pp. 17-384, 1920. 
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and La Salle in Ilinois, the accumulation of oil and gas follows closely 
the areas along the crest of the structure. The areas of these folds 
are large in comparison with the extent of the great majority of the 
world’s producing structures. However, their areal extent is much 
less than that of the geanticlines mentioned. The author knows of 
only two instances in which continuous producing areas approach the 
areal extent of the true geanticline. They are the Monroe gas pool 
in northern Louisiana and the Panhandle gag and oil area in Texas. 
The bulk of the area of the second is gas containing, oil being re- 
stricted to areas on the flanks of the structure. The conditions in 
the Panhandle are of complex character, the producing zone being 
an unconformity. Because of this, discussion of the structure will be 
left to Chapter XVII. 

Monroe Gas Pool, Louisiana.'—With the exception of the Pan- 
handle section, the Monroe pool is the largest continuous producing 
area known. The area considered to be gas-bearing is placed at 350 
square miles. It includes parts of Union, Morehouse, and Quachita 
Parishes. The area was discovered while being prospected for oil in 
1916. The development lagged in the years immediately following 
because of the lack of a market for the gas. However, the develop- 
ment of the carbon black industry and the profitable extraction of 
casinghead gasoline led to rapid development in 1923 and in the years 
following. The area had only been partly drilled over by the end of 
1926. The initial open flow of the gas wells averaged close to 10,000,- 
000 eubie feet a day. One well was credited with 50,000,000 eubic 
feet. 

While the gas rock, which is reached at depths of 1,940 to 2,220 
feet below sea level, is not of the same thickness or porosity throughout 
the whole area, the absence of failures inside the contact between the 
gas and the water surface indicates that such differences are of minor 
importance. Intercommunication between all parts of the area, de- 
spite its size, appears to be possible. Bell has estimated the average 
effective thickness of the sand at 27 feet and the average porosity at 
20%. 

The structural outline of this immense pool is only approximately 
known, except in the areas of maximum development. The existence 


1 Data on Monroe gas pool mainly from: 

Bell, H. W.: Oil and Gas Journal, p. 58—_ , Feb. 4, 1926. 

Stroud, Ben K., and Shayes, Fred. P.: A. A. P. G. Bull., Vol. 7, pp. 565-574, 
1923. 
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of a broad-topped dome to the northwest seems to be generally con- 
ceded. The dome changes into a broad southeastwardly plunging 
anticline. This southeastern portion has been the center of greatest 
development up to the present. Subsurface contours drawn upon this 
area show the top of the gas sand to be wrinkled in an irregular but 


NS 
Se 


So 


Fie. 69.—Structure map of the Monroe gas pool, Louisiana. Contours on top 
of ‘Gas Rock.’’ Adapted from Wilson, J.: Oil and Gas Journal, Feb. 4, 1926, 
p- 58. 


minor manner. None of the wrinkles are of sufficient importance to 
divide the main body of the dome into gas and water areas, but they 
do affect the value of wells along the edge water line. 

The productive horizon is a sandy portion of the Annona chalk 
formation. Some wells have also obtained gas from a second horizon 
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about 200 feet below the first. No oil has been found in either sand, 
but the gasoline content of the gas is sufficient to warrant its recovery. 
The continuity of the main productive horizon is noteworthy. 

One point that distinguishes the Monroe gas area from other large 
producing structures is the absence of steep dips. The distance from 
the center of the dome to the edge of production on the southeast is 
18 miles, but the difference in elevation of the top of the main gas 
rock is only 200 feet. Broad-topped arches of this nature are more 
closely related to the large geanticlinal uplifts than to the sharp folds 
which are found at Cushing and Salt Creek. 

Saddles.—The forces that cause the development of strong sharp 
folds are frequently applied unequally. Even if applied equally 
along a definite axis, the results may vary because of the differences 
in the character of the sediments that are being folded. Thus while 
areas may be arched as a whole, some of their portions may be arched 
more than others. These tend to take on a domal appearance. The 
sections between these especially arched areas are synclinal with re- 
spect to them. Yet they are anticlinal with respect to all of the other 
areas in the surrounding section. Contour maps show no definite 
synclinal closures. Because of their appearance when lying between 
strongly domed areas, these shght depressions have been called ‘‘sad- 
dles.’’ 

Where the amount of oil and gas is sufficient only to fill the dis- 
tinectly domed portions of the fold, the saddle is normally water- 
bearing. This is true of the saddle between the two producing domes 
of the Cement anticline. Similarly it occurs in the First Wall Creek 
horizon in the saddle separating the Salt Creek dome from the Teapot 
dome (p. ). In this sand, even the minor or Teapot dome is not 
of commercial importance as a producer. At Cushing (p. —) water 
occurs in the saddles, while oil is found in the domes in the. so-called 
‘‘Bartlesville’’ horizon. In other cases the saddles are highly pro- 
ductive. In a few they yield the oil, while the domes are mainly 
gas-bearing. This is true of several of the upper horizons at Cushing. 
In the Second Wall Creek horizon in the Salt Creek-Teapot structure, 
both the saddle and the main dome are containers of oil, but the Tea- 
pot or minor dome is largely a gas container. 

The saddle is generally considered to be a low portion between 
domed areas having a single axis. The definition may be extended 
with justice to include low areas between folds having roughly paral- 
lel axis. This condition exists between the North and South Cochahee 
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domes of the Pershing Pool in Oklahoma and between the Lamb and 
Torchlight anticlines in Wyoming. In the first, the low area contains 
oil; in the second, it is water-bearing. 

Cement Anticline, Oklahoma.'—A strong fold known as the 
Cement anticline is located in Caddo County, Oklahoma. It lies on 
the north slope of the Wichita Mountains. Development began in 
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Fie. 70.—Structural map of the Cement oil pool and adjacent area, Caddo 
County, Oklahoma. Contours on the Cyril gypsum bed. Interval 50 feet. After 
Clapp, BiG.) Any Lei eras. Viol Oo np) 6 Onl Oaie 


1916 with the discovery of a small gas well at 1,415 feet at a point 
off the center of the structure. The next year a large gas. well was 
completed on the western of the two domes. Oil was discovered shortly 
afterward. The pool was never a large producer, the initial produc- 
tion of the wells being only about 100 barrels a day. However, the 
rate of decline was slow. 

The outcropping strata in the Cement area are beds of the Per- 
mian. ‘These are considered to extend down to a depth of about 1,500 
feet, but definite determination of the base is difficult. All of the 
producing horizons except one at 1,200 feet are considered to belong 
definitely in the Pennsylvanian. The bulk of the production has come 

1 Data on Cement pool mainly from: 

Clapp, F. G.: Geology of Cement Oil Field, A. I. M. M. E. Trans., Vol. 65, 
pp. 156-164, 1921. 

Reeves, Frank: Geology of the Cement Oil Field, Caddo County, Oklahoma, 
U. 8. G. S. Bull. 726-B, 1921. 
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from sands at 1,800, 1,850, and 2,300 feet. Deeper sands have shown 
some oil also. Some irregularities in the position of productive wells 
have been noted because of the lenticular character of parts of the 
sands. 

However, the centers of production show close relationship to the 
structurally favored points. Thus most of the oil has been taken from 
the two distinct domes. The saddle area between them has been of 
minor importance. These areas are small in extent compared with 
the size of the whole anticline. The Cement anticline has a width of 
about two miles and may be traced for a length of 11 miles. South 
of it is the equally pronounced Cyril syncline; and north of it, the 
even larger Cobb syncline. The axes of these parallel the axis of the 
Cement anticline. The closure of the anticline as a whole, but ex- 
cluding the two domes, is 60 feet in the outcropping beds. If the 
domes are included, the closure in one ease is 120 feet and in the other 
200 feet. The saddle is, therefore, a very definite one. 

Torchlight and Lamb, Wyoming.'—Two of the older producing 
areas in Wyoming are found near the town of Basin in the eastern 
part of the Big Horn Basin. They were known as the Basin Field 
during part of their early history, but the names Torechlight and Lamb 
seem to be more generally used. The axes of these two anticlines are 
parallel, the Lamb anticline lying about one and one-fourth miles to 
the east of the Torchlight. Between them lies a structural depression 
200 to 300 feet deep. No synelinal closure has been mapped, how- 
ever. The two anticlines and the saddle area between them form the 
center of an arched area of considerable extent. The height of the 
closure is small compared with the vertical extent of closures in the 
majority of the folds in the Rockies. | 

Because of this the areas have not proved to be very efficient traps. 
This is especially true of the Lamb anticline, where the closure is only 
half of that on the Torchlight. The latter produced only 940 barrels 
of oil in 1926, about half of the wells originally productive having 
been abandoned. During a short period in 1915, about two years 
after development began, the production averaged between 800 and 
1,000 barrels a day. 

While some oil and gas have been obtained from other sands, the 
bulk of the oil has come from the Kimball sand and the gas from the 
Peay sand. The latter is in the Frontier and the former in the Mowry 


1 Mainly after: 
Lupton, ©. T.: U. S. G. S. Bull. 621-L, 1916; and Bull. 656, pp. 70-81, 1917. 
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shale. Both of these formations are considered as belonging to the 
Colorado group of the Upper Cretaceous. The Kimball sand to the 
close of 1916 had been found productive in 30 wells on the Torchlight 
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Fig. 71.—Structure contour map of the Lamb and Torehlight Domes. After 
Hewett, D. F., and Lupton, 6. T!: U.S: GS Bull. 656, Plate IX, 1917 
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structure but only in one on the Lamb. Of seven failures on the Lamb 
anticline only one reported the sand to be water-bearing. This would 
indicate that variations in porosity have had considerable importance 
in determining the exact position of the oil in this sand However, 
the small amount of oil and the gas that has come from that anticline 
has been obtained from the points which were most favored struc- 
turally. Wells drilled in the low depression between the two anti- 
clines have failed to find oil or gas in any of the formations penetrated. 

Pershing Pool, Oklahoma.’—The Pershing oil and gas pool is 
one of the larger producing areas in the east-central part of Osage 
County, Oklahoma. The development of the area began in 1906, but 
the wells drilled prior to 1918 showed only small amounts of oil or 
gas. The real development began with the discovery of a 390-barrel 
well in June of 1918. The area of the pool was rapidly outlined. 
By 1921 about 250 wells had been completed as oil producers, and 
about 15 were producers of gas only. The average initial production 
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Fig. 72.—Structure map of the upper surface of the Pink lime in the Pershing 
oil and gas pool, Oklahoma. After Rubey, W. W.: U.S. G. S. Bull. 751-B, p. 38, 
1923. 


of the oil wells was a little less than 200 barrels a day. The gas wells 
averaged about 4,000,000 cubic feet. 

Oil and gas have been reported at various depths in the pool. 
The chief of the sources is the Bartlesville sand found at a depth of 
about 2,000 feet. Above it some oil has been taken from the Layton 
sand, the Big lime, and the Oswego lime horizons. Below it the 


1 After Rubey, W. W.: U.S. G, 8S. Bull. 751-B, 1923, 
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Mississippi lime has yielded oil in a few wells. The Bartlesville sand 
is thick but apparently contains several breaks. The sand varies 
considerably in porosity. In some places this serves materially to 
lower the productivity of the wells which are most favorably located 
structurally. However, the position of the gas and oil is definitely in 
keeping with structural conditions. The areas of highest initial yield 
of oil are those lying close to the gas-covered portions of the structure. 


N, 
y) 


eet below middle Ded of res 4 
7d limes 
tone 


27005 A Theoretical bed about 300 f 


et Surface of pink lime 


Reece 
oN 


900 


of MUSSiss; 


Gace 


600 
° ve | MILE, 


Ftq@. 73.—Cross section along line A—A’ of Fig. 72 Pershing Pool, Oklahoma. 
After Rubey, W. W.: U.S. G. S. Bull. 751-B, p. 48, 1923. 


The two domes of the Pershing pool are closely related to the pro- 
ductive area of the Sauey Creek anticline, which les to the northwest 
of them. The two domes lie upon a terrace-like area of irregular out- 
line. Contours drawn on surface beds show distinet closures of only 
20 feet in each of them. The South Cochahee dome is considerably 
larger in area than the North Cochahee dome. The rate of slope from 
its crest is smaller. 

The irregular position of the oil-bearing portions of the Bartles- 
ville horizon makes it difficult to contour. Because of this subsurface 
contour maps are frequently made upon the Pink lime, a definite 
marker horizon a short distance above it. In this the closure of both 
domes shows considerable increase vertically. It is most marked in 
the northern dome in which the closure is about 100 feet. The saddle 
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between the twe is much more pronounced and appears to have a true 
closure of very small extent. The form of the upper surface of the 
Mississippi lime has been contoured also. It shows the general out- 
line of the upper horizons. Detailed mapping of this horizon was 
not possible because of the limited number of wells that had penetrated 
‘ll 
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Fig. 74.—Chart of initial production of oil and gas in the Pershing pool, 
Oklahoma. After Rubey, W. W.: U.S. G. S. Bull, 751—-B, Plate IX, 1923. 


The gas area in the Bartlesville reflects the sharper folding of the 
northern dome, the greater portion of the gas being in that area. As 
is usual in the producing structures of the Osage, the eastern flanks 
of the domes are less productive than the western. This is altered 
somewhat by the presence of an area of tight sand immediately west 
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of the North Cochahee dome. The whole of the saddle area, including 
the portion having the slight synclinal closure, is productive of oil. 
Some of the wells there yielded from 100 to 300 barrels initial pro- 
duction. The greater portion were of lower average yield. 

Synclines.—Considerable has been written about production in 
synclines. Such areas might be expected to yield oil and gas where 
the horizons are devoid of water. Many have considered this condi- 
tion to be present in some of the sands of the Catskill and related 
formations of Pennsylvania and West Virginia. The marked lenticu- 
larity of these sands and the variations in the porosity of even the 
thicker and more extensive horizons make it difficult to consider them 
as proving the condition suggested. Though the sands appear to be 
dry, there is no proof that they do not contain water in their capillary 
interstices. While the nature of the action is not known, the concen- 
tration of the brines in adjacent formations suggests that they are 
residual brines which have lost part of their original water content 
after their imprisonment. This casts doubt on the non-existence of 
water in other horizons at the time when the concentration of the oil 
occurred. The lmited extent of the productive areas and the pres- 
sures under which the oil and gas appear to be held indicate that the 
particular porous sections in which they are imprisoned are of limited 
extent. If such is the case, the agency responsible for the concentra- 
tion is probably eapillarity ; and the exact position, determined not by 
structural conditions, but by porosity variations. 

The areas of the source material from which oil is derived are syn- 
clinal in form. Thus, while denying the probability of accumulation 
in local structures of synclinal nature, we must admit the importance 
of the regional syneline or the geosyncline in oil formation and acecu- 
mulation. Where the flanks of such syneclines are steep and water- 
flushing action has full play, only limited amounts of oil and gas 
should be expected near the center of the basin. The occurrence of 
oil and gas in commercial quantities can be expected only in the 
strongest folds. These are normally most pronounced along the rims 
of the basins where they have been subjected to the most severe 
thrusting action. Thus the bulk of the oil of Wyoming has come 
from strong folds on the rims of the structural basins. 

Where the circulation has been sluggish or entirely lacking, the 
minor fold or the slight decrease in porosity may be sufficient to retard 
or entirely stop migration. Thus the Paleozoic synelines of the 
United States are spotted with producing pools. 
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The true syncline should be considered as having a form exactly 
the opposite of the true anticline. This would mean the existence of 
a definite basinal closure. Such areas are universally regarded by 
geologists as being the least desirable points in which to drill. Yet 
they have yielded oil in some sections where the horizons were known 
to be continuous and of uniform porosity. Close examination of the 
areas adjacent to such producing synelines shows them to be little 
more than saddles upon larger anticlinal folds. A very small area 
of this type is present in the saddle between the northern and southern 
domes of the Pershing pool just discussed. Production in such areas 
cannot be considered as being due to the synclinal condition. In fact, 
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anticlinal sections. This distribution of the oil in such structures is 
general. Because of it the author has used the expression ‘‘rising 
synclines’’ in describing such areas. They and saddles contribute the 
bulk of the so-called ‘‘synclinal’’ production. 

Midway Valley Syncline, California..—The Midway Valley syn- 
cline is a southeastwardly trending depression lying between the 
United-Honolulu anticline on the northeast and the Midway-Spellacy 
anticline on the southwest. It plunges to the southeast where it joins 
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Fie. 76.—Sketch map showing position of productive areas in the Midway 
Valley Syncline and adjacent areas. Productive area enclosed by heavy line. 
Mainly from data by Pack, R. W.: U.S. G. S. Prof. Paper 116, 1920. 


with the great synelinal area of the San Joaquin Basin. To the 
northwest it rises and merges with the Globe anticline, a broad flat- 
topped extension of the United-Honolulu structure. Thus while the 
axis of the rising syncline is mere than 1,000 feet lower structurally 
than the crest of the Honolulu anticline at its southeastern end, there 
is practically no southeast dip along the range line between ranges 
22 and 23 east. 

The deeper portion of the syncline is not productive of oil. The 
elevation of the northwestern portion is such that the oil has not only 


1 After Pack, R. W.: The Sunset-Midway Oil Field, California, U. 8. G. S. 
Prof. Paper 116, 1920. 
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filled the distinctly anticlinal areas adjacent to it but has also spread 
into the synelinal area as well. The water line that surrounds the 
producing areas dominated by the 
United-Honolulu anticlines and known 
as Buena Vista Hills is not materially 
different from that which separates the 
oil from the water-containing areas in 
the syneline. 

The producing horizons in the area 
are a series of thick sands lying at the 
top of the Maricopa shales. They are 
divided into three zones. The upper 
or A zone is productive in the Spel- supe] f 
lacy anticline on a small scale. The B a 
zone is productive in both the Spellacy- 
Midway and the United-Honolulu anti- 
elines. It is water-bearing in the syn- 
cline, however. The C horizon is much 


BUENA VISTA VALLEY 


HILLS: 


BUENA VISTA 


more extensive as an oil container than \ z\|i 8 
the upper zones. It is the only one in *0azron § 
: ee ; : al] § 
which oil is found in the synclinal area g 
Ww 


in commercial amounts. Water sands 
have caused very little trouble in the 
Buena Vista Hills in this horizon, but 
water has been encountered immedi- 
ately under the oil in the top of the 
zone in the syncline and has proved 


After Pack, Ro Was) U.S. Gas: Prot. Paper 116) p: 78; 1920: 


has not been conducive to sustained 
production like that obtained in the 
adjacent anticlinal areas. The produc- 
tivity of this rising syncline may be 
considered as due solely to the excess 
of oil over the amount that could be stored in the porous beds of the 


adjacent anticlines. 


3 

extremely difficult to handle. | y z 
A number of wells having large Vim =| 
initial yields have been completed in y & < 
the synclinal area, but the relatively F / Ss 
thin body of oil sand above the water xp i [s e 
o 

oq 


TWENTY FIVE 


——_ 


mackous Maricopa shal 
5,000 
Fic. 77.—Geologie cross section through the Midway area, with particular reference to the position of 


Diator 


304. GEOLOGY OF PETROLEUM AND NATURAL GAS 


Asphalt Sealed Traps.—Where beds are continuous to their out- 
crops and have been subjected to tilting but not to folding, the escape 
of oil and gas is usually rapid. During the movement of the oil 
toward the outcrop, it comes in contact with surface waters. These 
frequently have high contents of sulphates and other active salts. 
If the oil is of low viscosity and is composed mainly of paraffin or 
other chemically inactive hydrocarbons, little or no reaction between 
the salts of the water and the oil may be expected. The escape of the 
hydrocarbons is not subjected to any retarding influences. Where 
the oil contains a high percentage of the more viscous and unstable 
types of compounds, reactions may occur which result in the develop- 
ment of tarry and semi-solid asphaltic substances. These clog up the 
interstices of the porous rocks through which the oils have been mi- 
grating. At first the action may be limited to retarding the move- 
ment, but later the seal may become sufficiently effective to stop all 
movement toward the outcrop. 

The distribution of asphalts and asphaltic matter in sands suggests 
that the amount of the salts needed for the conversion of oils into 
asphaltic semi-solids can only be supplied when there is constant addi- 
tion of new waters. This implies the existence of artesian circulation. 
This is pronounced in some of the Tertiary and Cretaceous areas. It 
does not appear to have ever been of great importance in those areas 
where the Paleozoic beds are productive in the Mid-Continent and 
the Eastern Provinces. It is probably an explanation of the high 
densities and viscosities of the oil contained in the Late Paleozoic and 
Karly Mesozoic horizons of central Wyoming. 

Asphalt seals are usually not strong enough to eause permanent 
accumulations of oil and gas down the slope from them. They may 
delay the escape of the oil to such an extent that it is converted into 
asphalt over wide areas. This seems to have occurred in a number of 
places in the upper horizons of California and other areas producing 
from the Tertiary. In a few cases the amount of oil trapped behind 
the asphaltic seal has been so large in amount that its alteration has 
not been completed. It remains as liquid oil and may, because of the 
great breadth of the asphaltic material adjacent to the outerop, be 
under considerable gas pressure. The oil in such areas is invariably 
of asphaltic nature, high in sulphur, and heavier and more viscous 


than the oils of the same age and horizon found at points distant from 
the outerop. 
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Sunset Area, California.'—A condition of the type just described 
is found in the vicinity of Fellows, immediately east of the axis of the 
Midway anticline. At the outcrop, the productive beds, a series of 
sands and shales lying above the Maricopa shale, are saturated with 
asphaltic matter. In the region near the outerop the productive hori- 
zon is about 400 feet thick. To the east the shales between some of 
the sandy portions become thicker and the horizon is divided into 
three zones. Both of the upper zones are productive for only a short 
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Fig. 78—Diagram showing relations of productive oil zones and tar horizons 


in the vicinity of Fellows (Sunset area), California. After Pack, R. W.: U.S. 
G. S. Prof. Paper 116, p. 115, 1920. 


distance, the free oil giving way to tar or asphaltic sands and then 
to water sands. The lowest or C zone is productive for some distance, 
the oil extending into the Midway syncline. 

Despite the nature of the seal, the area has been a very substantial 
producer. Many wells have been difficult to control because of their 
size and high gas pressures. Some have had initial yields of from 
1,000 to 3,000 barrels a day. The oil averages from 14 to 18° Baume 
gravity; that in adjacent non-outcropping areas, from 21 to 28°. 
While the asphaltic matter has undoubtedly been a major factor in 
causing the accumulation, some importance must be attached to the 
thinning of the sandy portions in zones B and C toward the west. 
These were laid down upon an eastward sloping surface of the Mari- 
copa shale and tend to die out to the west. It should be pointed out 
that this condition has been found to exist in the nearby Sunset Hx- 
tension pool, which is discussed on page 355. 

Overturned Folds.—Folds having inclined axes are of major im- 
portance as areas of oil accumulation. Those in which the folding 

1 After Pack, R. W.: The Sunset-Midway Oil Field, California, U. S. G. 8. 
Prof, Paper 116, 1920. 
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has proceeded to the point where the structure can be considered as 
overturned are of minor importance. Structures of this type have 
been identified in Galicia, and such folding is considered to accompany 
the salt-cored structures of Roumania. In most cases, however, folds 
of this type have proved to be of little interest. One unusual eondi- 
tion in which production has been obtained from overturned folds 
that have been sealed by asphaltic material has been reported by 
Arnold and Johnson. This section is one of marked folding and lies 
south of an overthrust fault area in the McKittrick district in Cali- 
fornia. The faulted area is discussed on page 330, 

McKittrick Overturned Fold, California..—The series of closely 
related overturned folds lying in the McKittrick district were pro- 
duced by severe thrusting action from the west. The axes of the folds 
are inclined to the west at low angles. Since the time when the orig- 
inal accumulation of the oil took place, the upper portions of the 
folds have been removed by erosion. The hypothetical section drawn 
by Arnold and Johnson shows the form of the remaining beds. The 
portions of the productive beds lying close to the surface have been 
exposed to the entrance of surface waters. Some oil has escaped and 
formed brea deposits on the surface. Some still contained in the 
sands has been converted into tarry matter and, with the brea, has 
served to prevent the escape of the rest of the oil. While oil is found 
fairly close to the outcrops in several places, the bulk of the larger 
wells have obtained their production in the deeper parts. The largest 
single area of rich sand was found to correspond with the location ot 
a small anticlinal area in a synelinal fold. 

Summary.—At best asphalt traps, such as those which are con- 
sidered to be responsible for part of the accumulation at McKittrick 
and for the area near Fellows, are only temporary in their retentive 
power. It would appear that the same ean be said of the low terraced 
types of structures in areas of high dips and water circulation. The 
terraced structures are of greatest importance in areas of low dips 
and stagnant waters. Synelinal areas may contain oil or even gas, 
but the presence of these substances is apparently due to factors other 
than the synelinal structure. The strong sharply outlined anticlinal 
fold must be considered as the most desirable area for testing in every 
section where such folds are present in association with weaker folds. 


1 Arnold, R., and Johnson, H. R.: Preliminary report on the MeKittrick- 


Sunset oil region, Kern and San Luis Obispo Counties, Cal., U. 8S. G. S. Bull. 
406, 1910. 
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Such folds have a variety of forms varying with their origin. The 
contact between water and oil may not be always of the same struc- 
tural elevation because of circulation of the water and the differences 
in the amount of accumulation from different directions In some 
areas the quantity of oil present is not sufficient to fill more than the 
highest domal areas. In others it fills all of the closures and extends 
into adjacent areas. 

In discussing the accumulation of oil on strong folds, distinction 
must be made between folds of geanticlinal proportions and those of 
local extent. The strong local fold has a distinct axis or crest. It 
may contain several saddles and domes, but its production is closely 
related to the crest. The geanticlinal fold is usually of broad outline. 
Its erest is not clearly defined, and its productive areas are likely to 
be determined by small local foldings or sand variations. 


CHAPTER XIII. 


STRUCTURES DOMINATED BY FAULTING, 


Faults are present in most of the producing anticlines in strongly 
folded areas. They are frequently of major importance in initiating 
or assisting the movement of oil and gas from one stratum to another. 
Within the larger producing folds they frequently determine the areas 
of maximum production. In some they tend to isolate producing 
areas within the major fold. It is seldom, however, that the fault 
itself can be considered as the primary cause of the accumulation. 

This is particularly noticeable in sections where small discon- 
nected faults are the only types present. The normal or gravity 
fault is usually of such small extent both vertically and horizontally 
that it has little permanent effect upon the migration of oil and gas. 
This is especially true in formations in which there is any circulation 
of the waters present. Strong dips are also likely to decrease the 
chances of accumulation along the normal fault of small size. Minor 
faults of such character have been reported as causes of accumulation 
at various points in the Mid-Continent and Appalachian Provinees. 
In these, the circulation of the waters is less than in any of the rest of 
the world’s major areas. Similarly the dips of the producing hori- 
zons are extremely low. Yet it is difficult to point to areas in which 
production of any importance can be said to have been caused solely 
by faulting action. 

The normal fault, having its strike parallel to the dip of the strata 
which it crosses, interposes no barrier to the movement of oil and gas 
through porous beds up the dip. If the fault plane is parallel to the 
strike of the beds and has its downthrown side on the basin-ward slope 
of the beds, it is effective only in the absence of sufficient slope in the 
beds adjacent to the fault to permit the oil and gas to move around 
the ends. If circulating water is present, the trap is even less effec- 
tive. Where the downthrow side is away from the basin and the beds 
facing it on the upthrow portion are arched, the chances of retention 
are considerably greater. Such arching is seldom sufficiently pro- 
nounced in this type of faulting to be permanent in its effects. 

Much the same may be said of the small faults resulting from 
compression. In these, however, the actual faulting action is com- 
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monly preceded or accompanied by folding. In fact, if we exclude 
from our minds the fault-like movements of the zone of shear, we may 
consider the compression fault as a special type of fold. 

Small faults are looked upon with disfavor not only because of 
their inadequacy to prevent migration unless of unusual form but 
because of the marked tendency for them to die out with depth. This 
is especially evident in the gravity type of fault. Some compression 
faults show the same tendency. This is usually less marked, however, 
and geologists would look at such faults with more favor if they 
could be definitely identified from surface data. This is possible in 
some cases, but in most the poor character of the outcrops available 
for study and the nearly vertical position of the fault planes make this 
diffieult. 

From this brief discussion it may be inferred that production is 
of rare occurrence along such fault lines from strata in which the ac- 
cumulation is due solely to the faults. This is true of the produc- 
tive areas discovered up to the present. The minor fault seldom 
yields sufficient oil to pay for the cost of its testing. However, not 
all faults can be classed as minor types. Where the fault is of such 
size that it can be traced for a number of miles along the strike of 
the beds, accumulation may be of great value. In such areas the 
circulation of the waters of the oil-containing horizon is materially 
lessened. The distance to the ends of the fault retard the chance of 
escape around them and increase the possibility of the oil becoming 
concentrated in minor folds in the strata along the fault line. Be- 
cause of this, major fault zones, whether of normal or compressional 
origin, are areas which should be subjected to the closest study. 

Luling-Mexia and Balcones Fault Zones.—These systems of 
faults and their southern extensions into southern Texas and eastern 
Mexico are the dominating feature of the transition from the Paleo- 
zoic and other old rock areas of the Llano and related uplift areas of 
Texas and northern Mexico, and the younger sediments to the east 
and south of them. Structurally, the roughly are-shaped Balcones 
fault is the best known of these. At points it has a maximum throw 
of 1,000 feet with the downthrow to the east or basin-ward side. The 
fault line is apparently of considerable age and has been a center of 
movement for some periods. The movements were intermittent, the 
last, though possibly not the most important, occurring during the 
Pliocene. 
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A system of faults closely related to the Balcones line is found in 
Mexico. These have a general north-south trend except in the ex- 
treme south where they shift to the southeast. The displacement in 
these is of greater intensity, the drop to the east being measured in 
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Fig. 80.—Map showing structural features of the Gulf Coastal plain. After 


Pratt, W. H., and Lahee, F. H.: A. A. P. G. Bull., Vol. 7, p. 228, 1923. 


thousands of feet. These faults are known as the Ceralvo, the Vic- 
toria-El Abra, and the Micos Cafion faults. The last two are parallel 
to each other for some distance. All of these faults are gravity faults. 
None of them produce commercial quantities of oil at present. 
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A series of roughly parallel fault zones to the east of this large 
eroup has proved highly productive. These are the Mexia fault zone, 
the Luling fault, the inferred Webb-Zapata County fault line, and 
the Tepetate-Alamo fault line. In each of these the major throw is 
to the west and the productive area on the east. The faults of the 
Luling-Mexia zone are the best known of this group. They have been 
outlined more fully by the drill than the others and are in general 
more easily worked out. The throw in this section is not more than 
half of the throw of the Balcones line to the west of it. 

Except in one case no production has been obtained west of the 
main fault line of the Mexia zone. This was the discovery of a small 
pool at Nigger Creek three and one-half miles west of Mexia pool on 
a subordinate fault known as the Tehuacana fault. The fault is 
parallel and similar to the Mexia fault, but it is smaller and has a lim- 
ited drainage area. 

Like the Balcones and related fault zones, the faults of this pro- 
ductive belt are all considered to be of the normal type. They are 
evidently the results of reactions in the underlying, deeply buried 
competent and shear zones following the very intense downfaulting to 
the west of them. They have in some cases the appearance of faulted 
upfolds. 

The Mexia Fault Zone.'—Production in the general area of the 
Mexia fault zone may be said to date back to 1896 when the Corsicana 
pool was discovered. The oil came from wells of about 1,000 feet 
depth. The section developed rapidly considering the absence of other 

1 Data on the Mexia fault zone mainly from: 

Hill, H. B., and Sutton, C. E.: Summarized Engineering Report on the Powell 
Field, Navarro County, Texas, with Special Reference to Water Problems and 
Corrective Work, Pet. Dev. and Tech. in 1926, pp. 297-320. 

Lahee, F. H.: The Currie Field in Navarro County, Texas, A. A. P. G. Bull, 
Vol. 7, pp. 25-36, 1923. 

Lahee, I’, H.: Comparative Study of Well Logs on the Mexia Type of Strue- 
ture, A. I. M. M. HE. Trans., Vol. 71, pp. 1329-1350, 1925. 


Lahee, F, H.: The Wortham and Lake Richland Faults, A. A. P. G. Bull., 
Vol. 9, p. 172, 1925. 

Lahee, F. H.: Further Notes on the Origin and Nature of the Currie Strue- 
ture, Navarro County, Texas, A. A. P. G. Bull., Vol. 10, pp. 61-71, 1926. 

Matson, G. O.: Gas Prospects South and Southeast of Dallas, U. 8S. G. S 
Bull. No. 629, pp. 77-118, 1916. 

Matson, G. C., and Hopkins, O. B.: The Corsicana Oil and Gas Field, Texas 
U.S. G. S. Bull. No. 661, pp. 211-252, 1918. 

Pratt, W. E., and Lahee, F. H.: Faulting and Petroleum Accumulation at 
Mexia, Texas, A. A. P. G. Bull., Vol. 7, pp. 226-236, 1923. 
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producing areas in Texas at the time. 
It reached its maximum production 
with 763,424 barrels in 1901. In 
1900 011 was discovered in the Powell 
area six miles due east of Corsicana 
and also in the sections between. 
This area was productive of a heav- 
ier grade of oil and gave a crest 
production of 673,221 barrels in 
1906. The two sections, while not 
large sources, were the main ones 
from which that portion of Texas 
obtained its gas for many years. In 
1913 the Mexia-Groesbeck area to 
the south was opened up as a sub- 
stantial source of gas. 

The productive horizons in the 
different sections were not consid- 
ered to be of exactly the same age, 
but all were in the latest sediments 
of the Upper Cretaceous. The gas of 
the Mexia-Groesbeck area and the oil 
of Powell were placed in the Nav- 
arro formation, while the lighter oil 
of the Corsicana pool was believed to 
come from the underlying Taylor 
marl. The sands were typical sand- 
stones, those in the Taylor being 
somewhat lenticular in character 
and inclined to be calcareous. The 
Corsicana and Powell areas showed 
production from a number of rela- 
tively small anticlines on a gently 
southeastward dipping monocline. 
The Mexia-Groesbeck gas was taken 
from a very narrow and strongly 
developed anticlinal fold having its 
axis parallel to the general strike of 
the beds in the area. 

The sensational development that 
made the area one of the foremost 
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Fic. 81.—Sketch map of the Mexia oil pool. 
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producing districts of the world 
started in 1921 with the discovery 
of oil in the Woodbine formation 
at Mexia. Drilling that followed 
this discovery disclosed small quan- 
tities of oil at Kosse, Thornton, 
and Groesbeck to the south of 
Mexia, and brought the develop- 
ment of a moderately large pool at 
Currie to the north. In 1923 deep 
wells at Powell demonstrated the 
existence of a pool similar in impor- 
tanee to the Mexia discovery. In 
the year following Richland and 
Wortham were discovered. Rich- 
land was only a moderate sized 
pool, but Wortham proved to be of 
considerable size though less impor- 
tant than Mexia and Powell. By 
the end of 1926 Powell had pro- 
duced more than 90,000,000 barrels 
of oil; Mexia, slightly less than 
80,000,000; and Wortham, nearly 
20,000,000. 

The zone in which these pools 
lie appears to be dominated by a 
series of closely related parallel en 
échelon faults. The trend of the 
fault zone is from 20 to 30 degrees 
east of north. The displacement 
is between 200 and 400 feet with 
the downthrow on the west side. 
The surface reflections of the faults 
are not marked, the faulting being 
less intense in the surface beds and 
partly covered by soils and recent 
alluvial deposits. Some surface 
work was possible, however, Alex- 
ander Deussen! noting and sug- 
gesting the importance of the fault 
at Mexia as early as 1914. The 


1U. 8. G. 8. Water Supply Paper 335, 
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A. I. M. M. #) Trans., Vol. UXXTI, p. 1336, 1925. 


After Lahee, F. H.: 


Fig. 83.—Sketch map of the Powell oil pool. 


316 GEOLOGY OF PETROLEUM AND NATURAL GAS 


displacement in the surface Midway strata is only 100 to 150 feet 
at points where the Austin chalk shows its maximum downthrow of 
400 to 500 feet. Part of this difference is attributed to lessening of 
the displacement in passage through the soft and yielding Taylor and 
Navarro formations which separate the Midway and the Austin. It 
is also possible to consider that the faulting either occurred in part 
previous to the deposition of these sediments or was partly simultane- 
ous with their deposition. 

The fault planes are not vertical but usually show dips of from 
45 to 65 degrees to the west. While there is no intense folding, there 
is evidence of drag accompanying the faulting. This has given rise 
to slight anticlinal arching to the east of the fault. This arching is 
not continuous and has assisted in localizing the areas of accumula- 
tion. The main agency in causing accumulation, however, is the 
faulting itself. 
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As might be inferred from the intensity of the throw and the angle 
of the displacement, the outline of the structurally desirable areas in 
the Woodbine is far from identical with that which is indicated in the 
surface beds. Generally the productive area lies some distance to the 
west, in some places as much as half a mile. This was of extreme 
importance in the development because of the narrowness of the pro- 
ductive belts. The discovery well at Mexia was located close to the 
surface axis but proved to be upon the eastern edge of the producing 
area. This pool is the largest in extent of the group. It extends 
parallel to the fault for a distance of seven miles. On the west side 
it is limited by the fault; and on the east side, by water. Its maxi- 
mum width before any encroachment of edge water was one and one- 
fourth miles. Powell, a larger producer, is of approximately the 
same length but only reaches a width of 4,000 feet. The smaller 
pool at Currie is only two miles long and has a maximum width of 
2,800 feet. Wortham was somewhat longer but extremely narrow, 
being only 2,000 feet in width at its broadest point. 

Production in these important pools has come entirely from the 
Woodbine formation. Several sands separated by measurable thick- 
nesses of shales have been found, but they were so closely related in 
position that their development was practically simultaneous. Flush 
productions of 4,000 and 5,000 barrels were not unusual during the 
development of the pools. This was due in part to gas pressure and 
in part to the high pressure of the edge water throughout every part 
of the area. Most of the wells have yielded considerable water ever 
since the gas pressure was reduced during early operations. 

Deeper production has been sought in a number of tests. Some 
short-lived production was obtained from the Edwards limestone at 
Kosse. The Trinity sand is believed to underlie the section and may 
prove productive. As the depth to the Woodbine is between 2,850 
and 3,000 feet, the estimated depth to the Trinity is 5,500. Should 
oil be found in narrow pools similar to those of the Woodbine at such 
a depth, the cost of exploration would be extremely high. 

The Luling Fault.!—The Luling pool is located partly in Caldwell 

1 Data on the Luling fault mainly from: 

Brucks, Ernest W.: The Luling Field, Caldwell and Guadalupe Counties, 
Texas, A. A. P. G. Bull., Vol. 9, pp. 632-654, 1925. 

Sellards, E. H.: The Luling Oil Field in Caldwell County, Texas, A. A. P. G. 
Bull., Vol. 8, pp. 775-788, 1924. 

Sellards, E. H.: The Producing Horizon in the Rios Well in Caldwell County, 
Univ. Texas Bull., No. 2239, 1922. 
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~--:- Extent of productive area as of 1925 
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Adapted from Brueks, E. 


Contours on the top of the Edwards limestone. 


Structure map of the Luling pool. 
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and partly in Guadalupe Counties in 
Texas. It is a typical normal fault 
structure. The Luling fault zone, 
which is responsible for the accumu- 
lation, lies parallel to the main, Bal- 
cones fault zone but is 20 miles to the 
southeast of that zone. The discovery 
well was drilled in 1922 after several 
tests had been drilled that showed 
only small quantities of oil. As out- 
lined in 1925, the pool had a length of 
seven and one-half miles along the 
strike of the fault and a maximum 
width of 3,000 feet. Because of the 
absence of competitive drilling, the 
pool did not develop as rapidly as 
those in the Mexia zone. However, at 
the end of 1926 the cumulative produe- 
tion had passed the 20,000,000 mark. 

The discovery well was based upon 
the surface trace of the fault and the 


‘exposure of early Wilcox beds as an 


inlier surrounded by later Wilcox. 
The formations throughout the area, 
except close to the fault, have a gen- 
eral southeast dip of one or two de- 
erees. The fault is not a single one 
but consists of a group of closely re- 
lated parallel ones, connected at the 
ends by transverse faults. The trend 
or strike of the main fault line is 
north 85 degrees east. The faults 
dip to the west at an angle varying 
from 48 to 65 degrees. When the Ed- 
wards limestone of the Lower Cretac- 
eous, 1n which the oil is contained, is 
reached, the heave is between 1,000 
and 1,800 feet to the northwest. The 
vertical displacement in the main 
fault is between 450 and 500 feet. 
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The oil was found in porous dolomitic beds in the upper portion 
of the Edwards limestone. The accumulation of oil is very definitely 
in keeping with the gravitational arrangement, water under pressure 
being in contact with the oil all along the southeastern side of the 
pool. The initial yields of the individual wells vary widely, those of 
equally favorable structural location seldom having the same initial 
capacity because of porosity variations. 

The shallow subsea depth of the Edwards limestone, 1,590 to 1,720 
feet depending upon the location with respect to the fault, would 
suggest possibilities of other deeper horizons. However, a test well 
drilled to a depth of 4,790 feet encountered only showings of oil- 
stained sand in the Trinity and then drilled into a schist. The meta- 
morphic character of the latter precludes any thought of deeper 
sources of oil than the Lower Cretaceous. Because of the relatively 
short distance to the basement erystallines, it has been suggested that 
the fault is a direct vertical uplift resulting from underlying move- 
ment. Brucks mentions unusual temperatures encountered in drilling 
the schist and suggests the existence of an underlying igneous ridge. 

The oil of Luling is a typically asphaltic type, quite different from 
the oils found in the Woodbine in the Mexia district. Luling oil is 
of 27° Baume gravity, while that of the Mexia area averages above 
35°. If of the same origin, that is, probably from the Eagleford 
shales, the oil must have migrated downward and have been greatly 
altered. Other suggestions are that the oil was indigenous to the 
Edwards limestone or that it was derived from formations of con- 
siderably greater depth and had moved upward through the fractured 
fault plane. None of the explanations are wholly satisfactory. 

Irvine-Paint Creek Fault.\—A zone of faulting and folding of 
some considerable importance extends across the state of Kentucky 
in an east-west direction. In the eastern part of the state it is known 
as the Irvine-Paint Creek-Warfield fault and fold. In the central 
part of the state it is called the Kentucky River fault and fold; and 
in the western, referred to as the Rough Creek. 

The eastern portion of the zone is held to be directly responsible 
for the location of a number of the more important pools of the state. 

1 Data mainly from: 

Shaw, E. W.: The Irvine oil field, Estill County, Ky., U. 8. G. S. Bull. No. 
661, pp. 141-192, 1918. 

St. Clair, Stuart: The Irvine oil district, Kentucky, Min. and For. Resources, 


Kentucky, ser. V, Vol. 1, pp. 58-76, 1919; and Am. Inst. Min. and Met. Eng. 
Bull., pp. 1078-1089, July, 1919. 
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The relationship between the location of the oil- and gas-containing 
areas and the fault line is particularly strong on the western flank 
of the southwestward trending Appalachian geosyncline. This in- 
eludes sections between Morgan and Estill Counties. Production has 
been obtained on the north side cf the fault zone away from the basin 
but is not of importance except in areas more than five miles away 
from it. On the south side of the fault a number of pools have been 
developed. Some of these lie close to the fault zone and others a 
short distance south of it. Those to which distinctive names have been 
given include Station Camp, Irvine, Big Sinking, Campton, Stillwater, 
and Cannel City. 

The major development of the area began in 1915, but oil had 
been produced on a small scale for a number of years previous to that. 
In 1903 the Campton pool in Wolfe County was opened and about 
300 wells drilled. The wells were comparatively shallow and easily 
drilled, but the yields were small and not well sustained. Shortly 
afterward some shallow drilling was done in the vicinity of Irvine in 
Estill County, and a small production developed. The Cannel City 
pool was opened up in 1912; and, while the center of great activity 
for a time, proved to be short lived. 

The slightly deeper wells driiled at Irvine in 1915 proved to be of 
better average yield and longer life than any of those drilled pre- 
viously. The productive area was extended to cover a considerable 
area including such sections as Ravenna, Fitchburg, and Station 
Camp. The most important extension was made in 1918 when the 
Big Sinking pool was opened. In 1918 the total production of the 
several pools was more than two and a half million barrels. As prac- 
tically none of the wells were more than a thousand feet in depth and 
most of them only a few hundred feet, the drilling costs were low and 
development work was easy and rapid. 

The productive horizons are porous portions of the Onondagan and 
Niagaran limestones. They are relatively thin, the average thickness 
being not over 20 to 25 feet in the best wells. They vary considerably 
and the yields from the wells have reflected the variations. When 
opened, the horizons showed only relatively small amounts of gas. 
The gas pressure was low, but sustained water pressure assisted in the 
recovery of the oil. Water was found early in the development on 
the southern edges of the produeing belt. 

The productive area of the Irvine pool proper seemed to correspond 
rather closely with the general outline of an anticlinal area immedi- 
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TABLE 53.—COMBINED SECTION IN EstitL Counry.* 


(The column showing depth has been recalculated to conform with other sections. ) 


Thickness. Depth. Geologic formation. 
Feet. Feet. 
inMeavyecandstonener eee eae nene 196 196 
Shales and shaly sandstone........ 50 246 
IB ack slates tee ree each pais acm evar 4 250 
SNe oa ya ee ae ee 1 251 r Conglomerate measures. 
Giravashalesey pay a5 en ooops ce cies: 4 255 
Coal ee ETA er ee 1 256 
Shales termes ta Meee inte a coe tt 1S 2TAL 
Buff earthy limestones............ 8 279 
Archimedes limestone............. 2 281 {| Chester, 33 feet. 
Grayalimestonemees eee ee a 13 294 | 
G@alcareous shales; .2s3.........8-. 10 304 J 
OoliicHlimestonernrwr sence 10 314 
Buttalindestone ernie iate cnie 11 325 
Semioolitic limestone.............. 22 347 
Gravalimestoneses eaten etnies i, 359 
Earthy buff limestone............. 5 364 -| St. Louis, 150 feet. 
Thin gray cherty limestones....... 24 388 
Massive limestone.........-...... 22 410 
Blue limestone and shale.......... 38 448 
Earthy yellow limestone........... 6 454 
Sandstones and shales............. 490, 944 | Waverly, 490 feet. 
Blacks bial eyewear te ey ncatee. 5 hac, onthe 125 1,069 | Devonian shales, 125 
feet. 
still Countysoilsand!ss s+. ss: 4.) - 25 1,094 | Corniferous, 25 feet. 
Gray lime sees 8 | trans f] Niagara, 150 fet. 
Gravaliitiete tee tae oh gene ashe es 25 1,269 
Grayasialenner mer rep atcnayces cte : 10 1,279 tL Clinton, 53 feet. 
(Grays Lame ee emer eh aeteet aes oes) suena faves ese 8 1,287 | 
IRVeclb biea¥ey! Sag ameois ones amit Meee 10 1,297 J 
Gravalime noc: ecreia elec eit ily 1,314 © 
BIR AMMMTOS Ss , noe oc Aamo aoe 40 1,354 
(Cipagy litigators wes Bianco Bx 0 sce OE 839 7 MOS 
Greenish-white friable shaly sand- Lower Silurian (Ordo- 
SUOMCMP MC ere ne ela nie. a aes 10 2,203 vician), Hudson and 
Hard fine-grained limestone, dark Trenton groups, 1,476 
dove-color, with occasional bands feet. 
of dark-blue hard limestone...... 425 2,628 
ard erayalimestone yess ee ater 7 145 PAGE) 
White fine-grained sand and lime. . . 15 2,788 | Calciferous (St. Peter?). 


Bottom of Whiteoak well.......... 


* After Shaw, H. W.: U.S. G.S. Bull. 661, p. 154, 1918. 
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ately south of the fault. The production farther to the south came 
from terraced areas and sections of purely monoclinal slope. Very 
few productive wells were found in the fault zone or immediately 
south of it. In the latter case the absence of oil was probably due to 
porosity variations as the sections were structurally favorable. 

The normal dip in this region is about 35 feet to the mile in a 
southeast direction. The only strong structural features of the area 
are the faults and the folds immediately associated with them. The 
fault zone consists of two main lines of faulting with a general east- 
west trend and a series of minor transverse faults. The downthrow 
of the southern fault line is to the north; and that of the northern 
break, to the south. The result is a downfaulted block varying in 
width from one-half to two miles and from 25 to 200 feet lower struc- 
turally than the beds to the north and south of it. This particular 
faulted area can be traced definitely for a distance of 20 miles. Its 
importance in accumulation of oil can hardly be questioned. While 
not a fault of major proportions, the throw is generally greater than 
the maximum thickness of the porous portions of the limestones. Be- 
cause of this it is just as effective a trap as a larger fault would be. 
The accumulation in the Irvine pool is further assisted by the arching 
of the beds close to the fault. 

Whittier Fault..—Fault-dominated pools productive of more than 
100,000,000 barrels of oil are found on the southwest flank of the 
Whittier fault in the eastern part of the Los Angeles Basin of Cali- 
fornia. 

This fault is considered to be one of the two faults formed by split- 
ting of the northern end of the Elsinore fault. The strike of the 
other, the Chino fault, is approximately to the northwest, but that 
of the Whittier is more to the west. In the V-shaped area between 
the two lie the Puente Hills. Up to the present time the areas north 
of the Whittier fault have not proved of interest to the oil producer. 
On the southern side the Whittier and Brea Canyon-Olinda pools 
have been important sources of oil since 1900. 

The Whittier fault is of the thrust fault type, but movements along 
the fault plane parallel to its strike have evidently been of greater 
importance than those of vertical extent. The fault plane appears to 

1 Data mainly from: 

. Eldridge, G. H.: The Puente Hills oil district, Southern California, U. S. 
G. 8. Bull. No. 309, pp. 102-137, 1907. 


| English, Walter A.: Geology and Oil Resources of the Puente Hills Region, 
Southern California, U. 8. G. 8. Bull. No. 768, 1926. 
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be nearly vertical. It may be traced on the surface for a distance of 
more than 30 miles. Fora short distance north of the town of Whit- 
tier and near the northwestern end of the fault, the downthrow is to 
the north. Eastward from Whittier almost to the valley of the Santa 
Ana River, the downthrow is on the south. This is a distance of 
about 17 miles. The beds south of the fault in this section belong to 
the Fernando group, while those to the north of the fault are of the 
underlying Puente formation. Southeast of the Santa Ana River the 
throw is again reversed. The Cretaceous beds come to the surface on 
the south side of the fault zone, while the Puente (Tertiary) is ex- 
posed on the north. The section of interest to the petroleum geologist 
is that between Whittier and the Santa Ana River in which the Fer- 
nando shows on the surface in contact with an uplifted block of the 
Puente north of it. The Whittier pool hes to the northern end of 
this section and the Brea Canyon-Olinda to the southern. 

The Whittier Pool——This area lies directly east of the town of 
Whittier. It was first developed at the beginning of the present cen- 
tury. It has been added to by the discovery of new horizons and ex- 
tensions and still remains a pool of some importance. Throughout the 
productive area the beds dip sharply to the south. Close to the fault 
the Fernando is almost vertical, but southward from it the angle of 
dip is usually between 30 and 45 degrees. 

The oil is found through a thickness of 3,000 feet. The lowest 
sands are close to the bottom of the Fernando and may lie in the 
Puente. Production is considered to have been derived from five dif- 
ferent zones. The zones are not distinetly separated, the division be- 
ing made primarily because of the occurrence of water sands between 
the oil-yielding beds. The highest zone was of minor importance; the 
beds there were thin and productive only in a small area. The second 
zone hes 500 to 600 feet below the top of the first and is close to 300 
feet in thickness. The third is 600 to 700 feet deeper and from 100 
to 250 feet thick. The top of the fourth is irregular and nearly 1,000 
feet below it. The fifth or deepest zone underlies this and is eon- 
sidered to have a thickness of about 1,000 feet. It is productive in 
the western part of the pool. The depths to individual zones from 
the surface are extremely irregular because of the steepness of the 
dip. This is especially true near the faults. Estimates of thickness 
are subject to considerable revision as the apparent thickness may 
be several times the actual because of the attitude of the beds. In 
some cases the oil horizons outcrop in areas close to the points where 


STRUCTURES DOMINATED BY FAULTING 327 


a 


they are productive. In these the retention of the oil must be con- 
sidered as due either to lenticularity of individual sand bodies within 
the zones or to the sealing effects of asphaltic residues. 
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Fig. 89—Map showing geologic structure of part of the Whittier oil pool. 
After Kew, W. S. W.: U.S. G. 8S. Bull. 768, Plate VI, 1926. 


A few wells have yielded commercial quantities of oil north of the 
fault line. Their total production would constitute a very small part 
of the more than 10,000,000 barrels that have been produced from the 
pool asa whole. Their oil is much lighter than that of the sections to 
the south of the fault. The average of the main pool is from 14 to 24° 
Baume. It has been suggested that the light oil has migrated through 
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the fault plane and has been subjected to straining action in that mi- 
gration. To the south the production is limited by the increasing 
depth and by the presence of a great number of intermediate water 
sands, which make operations very difficult. Extensions to the west 
are possible but are limited at present by the high value of the land 
in the town of Whittier. 

Brea Canyon-Olinda.—The development of this section began in 
1900 when discoveries were made simultaneously in two disconnected 
areas, Brea Canyon and Olinda Canyon. The two areas were later 
joined by the completion of producing wells in the area between them. 

A strong anticlinal fold lies parallel to, and from 1,000 to 1,500 
feet south of, the Whittier fault in the Brea Canyon area. The south 
flank and crest of this fold are highly productive, but the area be- 
tween the axis and the fault as indicated on the surface is of minor 
importance. The axis is marked by a line of seepages. East of this 
area in the Olinda section the effeets of the fold become less marked 
and the productive area comes close to the fault. At the extreme east- 
ern end of the producing area a number of wells lie to the north of the 
surface trace of the fault. Whether the productive beds reached by 
these wells are actually north of the fault is not certain. The high 
quality of the oil, 32 to 35° Baume as against 16 to 24° Baume for the 
rest of the pool, would suggest this. However, the difficulties of cor- 
relation are great, only partial reccrds of the wells being available. 
The productive area terminates abruptly at the east where a number 
of dry holes suggest the presence of a transverse fault. 

Producing conditions are much the same as those in the Whittier 
pool. Three zones are recognized. The upper two are definitely 
placed in the Fernando, but the lowest may be either in that formation 
or in the underlying Puente. Less trouble has been encountered from 
water in the upper parts of the structure than at Whittier, and wells 
of higher average capacity have been secured. The total production 
has been ten times as great, being more than 100,000,000 barrels to 
the end of 1926. Yet the area is less than twice that of Whittier and 
does not total more than 1,000 acres. The productive limits of the 
pool to the south are defined by the presence of edge water. 

Santa Clara Fault..—The Santa Clara or Oak Ridge fault is a 


1 Data mainly from: 

Godde, H. A.: Oil Fields of Ventura County, California Oil Fields, Vol. 10, 
No. 5, Nov., 1924. 

Kew, W. 8S. W.: Geology and Oil Resources of a Part of Los Angeles and 
Ventura Counties, California, U. 8. G. 8. Bull. No. 753, 1924. 

Taliaferro, N. L., Hudson, F. S., and Craddock, W. N.: The Oil Fields of 
Ventura County, California, A. A. P. G. Bull., No. 8, pp. 789-829, 1924. 
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thrust fault having a general east-west strike located on the southern 
edge of the narrow Santa Clara Valley of California. The faulted 
zone extends east from the vicinity of the town of Santa Paula for 
a distance of 16 miles. On the north side of the valley at that point, 
beds of the Fernando group outcrop and dip gently to the south. On 
the south side are steeply dipping beds of the Middle Sespe formation. 
The stratigraphic difference between the two series of beds is 8,500 
feet. As the distance across the valley at that point is only 8,200 
feet, a downward displacement to the north of tremendous size is 
indicated. The exact position of the fault is hidden by alluvial de- 
posits in the valley but is believed to be along its southern edge. 
Hudson reports the finding of upper Middle Sespe beds dipping 
strongly to the south in the Willard Canyon. This lies on the south or 
upthrow side of the fault and between it and the erest of the South 
Mountain dome. From this and from the positions of the beds indi- 
cated by study of the logs of wells in the South Mountain pool, he 
considers that the fault is of the reverse type and has a dip to the 
south of about 60 degrees. There is also evidence of minor faulting 
of the same nature parallel to, but south of, the main fault line. The 
effects of some of these faults have been noted in drilling operations. 
This is not the only major fault line in the area but is closely re- 
lated to others to the north and to the south. South of it is the large 
Santa Rosa fault. The most important area of faulting les imme- 
diately north of the Santa Clara Valley in the foothills of the Coastal 
Ranges. This fault zone is known as the San Cayetano fault and has 
been traced for more than 40 miles. Its thrust is toward the south. 
Another fault zone, the Santa Susana, extends eastward from a point 
a short distance south of the eastern end of the Santa Clara. It is 
closely related to the San Cayetano, having a thrust to the south. 
The faulting along the Santa Clara line has apparently resulted 
from intense thrusting from the south. This caused the development 
of an inclined asymmetrical and partially overturned fold having its 
steep side to the north and its axial plane inclined to the south. This 
fold, if taken alone, has the form of a long anticlinal ridge and has 
been called the Oak Ridge anticline. The anticline is not uniform 
but is composed of a number of high spots with intervening saddles. 
The high spots, called domes though they are usually considerably 
elongated, have proved of especial interest to the geologist. They are 
from west to east: South Mountain, Barsdale, Montebello or Shiells 
Canyon, Wiley Canyon, and Torrey Canyon. No oil has been taken 
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from Wiley Canyon. Torrey Canyon began to produce from shallow 
depths as early as 1889. It was still producing 250 barrels a day in 
1924. The Barsdale pool began to produce in 1896 and was still pro- 
ducing 75 barrels daily in 1924. The Shiells Canyon pool was not 
opened until 1911 but has been an important producer since then and 
was still able to produce 1,000 barrels daily in 1924. The South 
Mountain pool was the last to be discovered, the first well there being 
drilled in 1915. The pool produced more than 6,000,000 barrels of 
oil to the end of 1923 and was then capable of yielding 4,000 barrels 
a day. 

While north of the Santa Clara fault trace beds of the Fernando 
and Monterey formations are known, they have been eroded from the 
domed areas in which the oil is found south of the fault. In these the 
upper part of the Sespe usually shows at the surface while the drill 
penetrates the middle and lower portions of the formation. The drill 
has not passed through the Sespe into the underlying Hocene in any 
of the wells drilled up to the present. Intrusive dacites have been 
noted at various points in the area but have not been encountered in 
the producing sections. 

The productive beds are found in the middle of the Sespe, except 
where that has been removed as in the South Mountain dome, and in 
the beds of the lower part of the Sespe. The beds of this formation 
are of the typical ‘‘red-bed’’ type and are believed to be of non- 
marine origin. The Sespe cannot be considered as the original source 
of the oil it now contains. Underlying Eocene beds are considered 
by some to have been the source of the oil. Seepages from beds of 
this age have been noted in the mountains north of the San Cayetano 
fault. The Monterey is also a possible source of the oil as these beds 
lie below the Sespe on the north side of the fault plane. This might 
assist materially in the migration of the oil from the shales into the 
Sespe. 

South Mountain.— While the several domes are not exactly identi- 
cal, their general forms are much the same. Their relations to the 
Santa Clara fault line are also similar. Because of this only the 
recently developed South Mountain dome will be described. The 
form of this pool is that of an elongated east-west trending dome. 
The dips to the east and west of the center are gentle. On the south 
side the dip increases gradually to 60 degrees. On the north flank 
the beds dip steeply, the rate of dip increasing rapidly until the beds 
overturn at a distance of 3,000 feet of the axis. The axial plane is 
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TABLE 54.—FORMATIONS EXPOSED IN A Parv oF Los ANGELES AND 
VENTURA COUNTIES, CALIFORNIA.* 


System. Series. Generalized |Thickness Character. 
section. (feet) 
Recent. Alluvium. Sand, gravel, and silt in valley bottoms and along 
streams. 
ternary. 5 3 
ea Pleistocene. Terrace 250+ | Gravel and sand, partly consolidated, forming terraces, 
deposits. now dissected. 
Saugus for- | 2,000-+ | Conglomerate and sandstone, with some shale; mainly 
mation. of terrestrial origin, but with marine strata in western 
part. 
8 4,000-+ | Fine-grained gray sandstone, interbedded with coarse 
Pliocene. s sandstone and conglomerate. Marine in origin. 
=| Pico for- Along south side of Fernando Valley and westward 
| mation to Las Virgenes Canyon the formation consists of 
5 (re- laminated gray sandy shale and fine-grained sand- 
=| stricted). stone with zones or lenses of white diatomaceous 
soft shale; upper strata largely medium-grained soft 
sandstone with some conglomerate. 
Modelo 9,000+ | Primarily clay, diatomaceous shale, and fine-grained 
formation. laminated sandstone and cherty beds; contains two 
or three large lenses of coarse brown and tan sand- 
stone varying in thickness up to 4,000 feet; marine. 
Mint Canyon 4,000+ | Nonmarine conglomerate, sandstone, and clay, pre- 
formation. dominantly red in lower part, light gray in upper 
part; vertebrate fossils indicate an upper Miocene 
age. 
. Miocene. Topanga 6,000 | Mainly brown, tan, and gray coarse sandstone and 
Tertiary. formation. conglomerate with prominent zone of medium-grained 
greenish- brown  fossiliferous sandstone containing 
fauna probably equivalent in age to ““ Temblor forma- 
tion’”’ in San Joaquin Valley (Turritella ocoyana 
fauna). Intruded by basic volcanic rock. 
Vaqueros 100 to | On Little Sespe Creek and Oak Ridge, mainly gray to 
formation. 1,800 buff sandy shale with limy beds and concretiors. 
In Simi Valley, brown conglomerate, coarse and fine 
sandstone. Marine. 
Oligocene (?). | Sespe 3,500 to | Nonmarine red, brown, and yellow conglomerate and 
formation. 4,000 sandstone with interbedded shale. 
Tejon 2,000 | In Simi Valley, brown medium to coarse sandstone with 
formation. interbedded conglomerate. At Sespe Creek, hard 
greenish-brown sandstone and shale; at top, 500 feet 
of light-gray sandstone with some shale. Marine. 
Eocene. Meganos_ 2,000 to | Brown to rusty-colored conglomerate, brown and gray 
formation. 3,500 sandstone, and gray shale with caleareous concretions. 
Marine. 
Martinez 1,500 to | Massive basal conglomerate overlain by brown and gray 
formation. 3,500 shale and sandstone. Marine. 
Cretaceous. Upper Chico 5,000+ | Massive brown sandstone with thin beds of greenish- 
Cretaceous. formation. brown and gray shale. 500 feet of calcareous sand- 
stone and shale below massive sandstone contains 
Upper Cretaceous fossils, 
Jurassic (?). (?) Intrusive 
granite. 
Pre-Jurassi¢ Mejanemb Micaceous schist and quartzite intruded by granite. 
rocks, 


}’ * After Kew, W. S. W.: U.S. G. 8S. Bull. p. 8, 1924. 


STRUCTURES DOMINATED BY FAULTING 335 


oO 


naturally inelined to the south bringing the surface axis of the fold a 
considerable distance to the north of the axis in the oil horizons. 

The zonal arrangement of the productive sands is similar to that 
found in other pools in southern California. They are all in the 
Lower Sespe. The shallow horizons are small and contain some gas. 
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Fig. 93.—Structural section across the South Mountain oil pool, California. 
iced some Heo eA Gn Ul Violas, p. 618, Loz. 


The deeper horizons are more extensive, and the yields per well are 
larger. The depth of the wells varies from 1,900 to 4,750 feet, but 
the average is about 3,300. The wells produce oil of 27° Baume 
gravity. Edge and intermediate waters have been encountered, but 
water problems have not been serious because of the orderly develop- 
ment of the pool. 

Overthrust Faults, McKittrick, California.'—All of the faults 


1 Data mainly from: 

Arnold, Ralph, and Johnson, H. R.: Preliminary Report on the McKittrick- 
Sunset Oil Region, U. S. G. S. Bull., Vol. 406, 1910. 

English, W. A.: Some Notes on the Geology of the South San Joaquin Valley, 
California, A. A. P. G. Bull., Vol. 11, pp. 617-620, 1927. 
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discussed up to the present have had relatively high angles of dip. 
This is probably true of the great majority of the faults found in oil- 
producing areas. Closely related to the Whittier fault is the Los 
Angeles fault.1 While distinctly a thrust fault, it is also of high 
angle. Like the Whittier fault its southern side is the center of sub- 
stantial oil production. Faults of much lower angle are found in the 
general vicinity of the Santa Clara fault, but they are not productive 
of oil. 

In the San Joaquin Valley commercial production has been ob- 
tained at one place from strata that have been subjected to low-angle 
faulting of considerable intensity. The point is in the northern por- 
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Fig. 94.—Sketch map of the McKittrick oil pool, California. After English, 
Walter A.: A. A. P. G., Vol. 11, p. 618, 1927. 


tion of the McKittrick district. The section lies on the east slope of 
the Temblor Range. The whole area has been subjected to folding 
and thrust faulting by compression from the west. This has resulted 
in a series of overturned and complex folds. These are productive in 


1 Eldridge, G. H., and Arnold, Ralph: The Santa Clara, Puente Hills, and 
Los Angeles Oil Districts, California, U. 8. G. 8. Bull. No. 309, pp. 135-198, 1907 
é , : 
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the southern portion of the McKittrick district, where their outlines 
show in the outcropping strata. In the northern portion, however, 
the structure of the productive beds is concealed by the presence of 
older beds, which have been thrust over them from the west. 

The surface strata in the area covered by the overthrust consist 
of a series of closely compressed and overturned folds. The records 
of the wells drilled in the area indicate the existence of a low north- 
eastward-dipping monocline with a very slight reverse dip at the 
depths where the oil was obtained. The gravel and conglomeratic 
sand horizon, which contains the oil, has been identified as the basal 
portion of the McKittrick formation. Below it the Monterey and the 
Santa Margarita shales were encountered in their normal position. 

Above the oil-yielding zone a similar succession was identified. A 
limited amount of gravel and conglomeratic material typical of the 
bottom of the McKittrick was found in synclinal portions of the beds 
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Fig. 95.—Cross-section of part of the McKittrick district, California. After 
Arnold, R., and Johnson, H. R.: U.S. G. S. Bull. 406, p. 97, 1910. 


showing at the surface. Below these and also occupying the area of 
the overthrust are beds of the Monterey and the Santa Margarita. 
‘Thus the McKittrick beds, which normally in this area are found to 
rest unconformably upon the shales of the Monterey and the Santa 
Margarita, are covered by those shales. 

The distance of the thrust appears to have been about a mile along 
a front of about five miles. At the ends of the zone affected two 
transverse faults appear to have been developed. These may have 
tended to prevent lateral migration of the oil. The producing oil 
zone is about four miles long and from a few hundred feet to a half 
a mile in width. At the southern end the older rocks do not appear 
above the oil-econtaining ones, but the producing belt continues. 
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Very little is known of the producing conditions beneath the thrust 
plane. The continuance of the producing belt to the southeast of the 
faulted area and the absence of oil in the northern portion, where the 
faulting is most severe, suggest that the accumulation at the base of 
the McKittrick is due more to structure within the beds below the 
fault plane than to the contact between porous McKittrick beds and 
the dense shales above the fault plane. 

The oil in the overthrust area averages 15 to 16° Baume. This is 
much the same as that in other portions of the district. Production 
of individual wells has been as high as 300 barrels a day. No water 
has been found in association with the oil in the fault area, but above 
the main producing zones tar sands and gas such as are found in ad- 
jacent unfaulted areas are present. 

Summary.—In areas such as the United States where the great 
majority of the producing pools are divided among two or more own- 
ers even the minor fault is of great importance. Yet as a general 
rule faulting is seldom the cause of the accumulation in the structure 
as a whole. Where faulting is the major factor in causing accumula- 
tion, the faults are found to be of great length and persistence. They 
are invariably associated with movements in the underlying shear 
zones and not to be considered as surface phenomena. Because of 
this the effects of the fault are likely to be traced over a number of 
miles. Production can hardly be expected to develop along the full 
length of the faulted zone, but its occurrence is to be expected at 
points where arching of the beds forms especially suitable areas for 
accumulation. The discovery of production along a fault plane, 
which careful study proves to have been the dominating cause of the 
accumulation, should warrant the expectation of the finding of other 
productive areas under similar conditions nearby. 


CHAPTHR XIV. 


ACCUMULATIONS CONTROLLED BY POROSITY 
VARIATIONS. 


While variations in the porosities of sandstones and porous lime- 
stones are recognized as of major importance in determining the man- 
ner of concentration of oil and gas, they are seldom considered as the 
sole agencies causing this accumulation. Changes in porosity and 
the lenticular character of productive horizons enter into the ealeula- 
tions of the geologist on such strongly developed anticlinal folds as the 
La Salle anticline of Illinois and Indiana and the Salt Creek structure 
of Wyoming. Yet until recently many geologists failed to recognize 
that these agencies could be even more effective in limiting the ocecur- 
rence in areas of less pronounced folding. 

The effects of changes in porosity of oil-containing horizons are 
noticed in beds of all ages. They appear to be of less importance in 
Tertiary and Cretaceous beds than in those of greater age. This may 
be partly explained by the fact that most of the beds of these ages 
have not been subjected to as much compacting and cementing as 
those of the earlier periods. In addition Tertiary and Cretaceous 
producing areas on the whole are characterized by much more pro- 
nounced folding and faulting than appears in the Paleozoic areas 
which yield oil and gas in commercial quantities. The general ab- 
sence of oil and gas in the sharply-folded and faulted Early Mesozoic 
and Paleozoic sediments is considered as an indication of the destruc- 
tion or escape of these substances in these areas. The present lack 
of production in areas of shghtly-folded Tertiary sediments may re- 
flect the absence of oil in those sections. They have been tested very 
little by drilling. It is entirely possible that the drill may demon- 
strate in the future that accumulation has occurred in terraced and 
lenticular areas of this age just as it has in those of earlier ages. 

The causes of differences in the porosities in the various types of 
rocks found in oil-containing areas were discussed in Chapter VII. 
Differences in the degree of porosity in any given horizon or group 
of strata must be considered as due to differences in the application of 
these causal factors. Probably the most common cause of variations 
in the porosity of associated sediments is difference in the nature of 
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the sediments laid down in adjacent areas.. This usually means dif- 
ferences resulting from the deposition of sands as against clays and 
silts. ; 

In practically all cases the agency of deposition is water. This 
may be the water of rivers, lakes, epeiric seas, or of the ocean itself. 
The form of the deposit laid down varies with the conditions at the 
place of deposition. Many sand deposits are continuous over large 
areas. However, even the largest must terminate, either in an area 
of no deposition such as an elevated land surface, or by transition into 
deposits of another and usually unlike type. Sand bodies deposited 
by strong ocean currents or at the mouths of delta-forming rivers are 
likely to vary considerably in thickness within short distances. The 
horizontal extent of such bodies is seldom large. Sands deposited in 
the beds and along the banks of streams and rivers will be even more 
irregular in outline. 

Sand is the typical shallow-water deposit. As such, it is com- 
monly laid down upon surfaces which had been subject to erosion only 
a short time previous. The uneven character of their surfaces is re- 
flected in the irregularities in the form of the sediments deposited 
upon them. Where the agencies of weathering had functioned more 
rapidly than those of removal, the sediments were frequently laid 
down upon a partly weathered and highly porous base. 

In a number of instances the crustal action that converted an area 
of erosion into one of deposition was both rapid and intense, massive 
limestones and thick beds of shale being deposited immediately on top 
of the eroded surfaces. The only material which could be conceived 
of as functioning as a container rock at a later date would be that con- 
tained in the erosion zone itself. While such zones are usually thin, 
they may form ideal containers because of high porosity. Because of 
their unconformable contact with the strata deposited above and 
around them, they commonly have unusual drainage range. 

The solubility of limestones makes it possible to extend the vertical 
range of the erosion zone considerably in areas of such rocks. Waters 
circulating through joint and bedding planes and similar openings 
may produce a zone of abnormal porosity of substantial depth. The 
ea ae man will not be continuous but will vary with the topogra- 
phy and with the distribution of the original ing roug 1 
the water circulation took place. i ieee tc 

Similarly the introduction of cement is seldom regular but is de- 
termined by the manner of the cireulation of the waters containing 
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the cementing materials in solution. The movements of such waters 
through bodies of sandy and bouldery nature either before or after 
their burial are extremely irregular and respond to the slightest vari- 
ations in topographic or structural conditions and in the character- 
istics of the media through which they move. Differential cementing 
is probably responsible for more sudden and erratic variations in the 
porosities of productng horizons than any other single condition. 
With such variations come marked differences in the behavior of 
wells, as for instance a dry hole in the center of a group of substantial 
producers. 

Until recently the study of variations in porosity received only 
minor consideration. The value of a test location was based almost 
entirely upon its structural position. If it was not located upon a 
structural ‘‘high,’’ it was considered to have practically no value as 
a test. Yet, many producing wells not located upon such points were 
found. In some eases the structurally favorable locations were the 
dry ones, and the productive areas were found to correspond with the 
synclinal and therefore undesirable sections. One of the greatest of 
the early discoveries in Oklahoma, the Glenn pool, is located on a 
westward sloping monocline. In another in the same state—the Bur- 
bank pool—the areas of maximum production are distant from those 
which would be chosen upon structural considerations alone. 

One of the most serious drawbacks to the study of such conditions 
is the difficulty of obtaining the necessary information. The data 
needed by the geologist are not available until the drilling wells have 
penetrated the oil horizons. The taking and examination of drill 
cuttings and cores is slow. The speed with which offset drilling cam- 
paigns must be carried out makes it difficult to gather the data and 
draw the conclusions in time to apply them. Moreover, the data 
gathered in one drilling area are seldom of more than the most general 
value in work in adjacent areas. The development of petroleum pro- 
duction engineering and especially the increased use of special re- 
covery methods tends to increase the value of such studies. It is 
hoped that through this it may be possible to gather more information 
upon which to base definite conclusions. 

Lensing Sands.—In nearly every one of the major producing 
areas of Paleozoic age, there are wells that produce from sands which 
are designated as ‘‘strays.’’ Production in such sands is usually 
limited to a very few wells and apparently bears little or no relation 
to the structure that determines the accumulation in the major hori- 
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zons. Such bodies are the bane of every geologist who works with 
them. ‘Their extent is uncertain; and the behavior of wells drilled to 
them, erratic. They represent in most cases the deposition of sands 
in areas covering a few acres. Occasionally they cover areas of two 
or three square miles. As a general rule, where sand bodies are de- 
posited over areas exceeding this, accumulation follows lines laid down 
by structural conditions. In some cases the sand body has not been 
folded sufficiently to form the structures in which accumulation might 
take place. In such instances migration of gas and of oil may con- 
tinue for long distances up the dip of a gently sloping horizon until 
it is ended by reaching the end of that horizon. This has apparently 
occurred in a large number of cases in the sand horizons contained in 
the Devonian shales of the Appalachian Field and in the Cherokee 
shales of northeastern Oklahoma. One of the largest of the horizons 
in which accumulation is determined primarily by the lensing-out of 
the sand body is the Clinton sand of Ohio. 

Clinton Sand, Ohio.'—The Clinton sand is productive over a belt 
extending through central Ohio from the shores of Lake Erie south- 
ward almost to the Ohio River. The first well completed was drilled 
in 1887. It was a gas well. Oil was discovered in 1899 in the hori- 
zon; but, while a substantial amount of oil has been produced since 
that time, the horizon is known primarily as a gas source. 

The Clinton sand is found in the Clinton formation of the Silurian. 
The name “‘Clinton’’ as used here is not considered to be entirely cor- 
rect, the formation being more properly correlated with the Medina 
formation of the same period. However, the term Clinton has been 
in general use for so many years and has been so widely accepted that 
the possibility of changing the usage is not great. The formation is 
made up largely of shale in central Ohio. It is caleareous in many 
parts and occasionally contains beds of hard limestone. 

In most places it contains one or more sand layers. One of these 
lying 35 to 50 feet above the top of what is known as the Medina is the 
Clinton sand of the drillers. It is a gray to red quartz sandstone. It 

1 Data on the Clinton Sand mainly from: 


Bonine, C. A.: Anticlines in the ‘Clinton’? Sand near Wooster, Wayne 
County, Ohio, U. 8. G. 8. Bull. 621, pp. 87-108, 1916, ; 

Bownocker, J. A.: The Clinton Sand as a Source of Oil in Ohio, Econ. Geol., 
Vol. 6, pp. 37-50, 1911. 

Rogers, G. Sherburne: The Cleveland Gas Field, U. 8. G. S. Bull. 661-A, pp. 
1=68;, 1917. 
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Fig. 96.—General structure map of the Clinton sand in North Eastern Ohio. 
After Rogers, G. S.: U.S. G. 8. Bull. 661, p. 28, 1918. 
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Fig. 97.—Geologic section from Oberlin through Cleveland to Painesville, 
Ohio, showing eastward thickening of formations below the Berea sandstone. 
After Rogers, G. S.: U.S. G. 8. Bull. 661, p. 13, 1918. 
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TABLE 55.—GENERALIZED SECTION OF ROCKS IN THE CLEVELAND GAS DISTRICT, ON 
THE EASTERN FLANK OF THE CINCINNATI ARCH.* 


Group or Thickness Driller’s 
System. formation. in feet. Character. description. 
Quaternary (Pleisto- a, “ Boulders, pebbles, . 
cene series). Glacial drift. 10-400 Banditand clays Drift. 
: : Medium to coarse 
Carboniferous ae Berea sandstone. 40-150 grained white buff, | Berea grit. 
RISSID DI AD Seles): or brown sandstone. 
fs Bluish-gray to reddish 
gies Car- Bedford shale. 60-80 shale, with some thin 
layers of limestone. 
Massive hard black 
bituminous shale 
Gevdend 50-120 | with a few bluish 
a i layers in lower por- 
a tion. 
5 = ; ~ | Ohio shale, 1,100- 
‘ ‘ Soft bluish-gray clay aE S eh 
3 Chagas shale, with some 1,400 feet. 
q concretionary layers. 
° 
: I 850-1,200 | Black and bluish shale 
Devonian. ° in upper and lower 
Huron shale. portions, with a band. 
of gray shale near 
middle. 
Olentangy (?) shale. 80 Gray calcareous shale. 
Deleware lime- Blue and gray lime- 
: stone, becoming dolo- 
mitic in lower part. 
Celene lime- 500-700 See aa a 30 to 50 naaied 
S84 4 / foot bed of white | Big lime [includes 
Unconformity : quartz sandstone 350 Newburg sand 
Monroe formation. to 450 feet below top. and some “‘stray”’ 
sands in lower 
; one 
: ; Shale, dolomite, anhy- B00. Fore ee 
Salina formation. 400-600 drite or gypsum, and dete a 
rock salt. 
Niagara limestone. 400-600 Dolomite and lime- 
stone, 
Silurian. {Includes, Little 
Calcareous shale and steel, 75-150 
Le lanhonen Faranee thin-bedded lime- ee 
tion 150-250 stone, with  sand- Clint aaenecn 
¥ stone layer in lower ae Bas 
part. eet. 
25-75 feet. 
rf at A. Red clay shale with 
Medina” shale. 300-400 thin layers of sand- | Medina red rock. 
stone. 
Shale “and! James ae shale ike thin 
stone of Cincin- | 1,100-1,250 ayers of limestone, | g),46 and shell 
Ordovician, natian age. bla aed nian ot 
Trenton re lime- < 
stone. “) . (?) Limestone. Trenton lime. 


* After Rogers, G. Sherburne: U. 8. G 


. S. Bull. No. 661, p. 5, 1918. 
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sometimes contains lenses of shaly material or is divided by hard im- 
pervious layers. The Clinton formation itself has a thickness of 150 
to 200 feet at its outcrops in west-central Ohio. The Clinton sand, 
however, does not outerop but feathers out along a line running north 
and south a little to the west of Cleveland. In the producing area 
the maximum thickness of the sand is usually 60 feet, but to the east 
it sometimes reaches a thickness of 100 feet. 

The dip of the rocks toward the east is regular throughout the 
whole of the producing belt, averaging about 50 feet to the mile. 
Minor folds in the formation serve to determine the areas of maximum 
accumulation and production, but the gas-containing area corresponds 
closely to the western edge of the sand body and to the regional strue- 
ture of the formation rather than to local conditions. Several excep- 
tions to this have been noted. One is found at Wooster, in Wayne 
County. Here a strong plunging anticline has extended the pro- 
ductive area a considerable distance to the east. In general, however, 
it ean be said that wherever unusual conditions are noted, they may 
be traced to thinning or thickening of the sand body or to occurrence 
of unusually tight or cement-filled parts or abnormally high porosities 
of local extent. There is very little water present in the Clinton sand. 
This is considered to be responsible for the low gas pressure and the 
wide distribution of the gas and oil contained in the horizon. 

Horizons of Varying Porosity.—Oil and gas are not infrequently 
obtained from areas of monoclinal slope that are many miles down the 
dip from the points where the producing horizon is known to feather 
out. They are separated from those points by sections in which the 
horizon is either water-bearing or apparently dry. In some instances 
the producing horizon actually outcrops. 

One explanation of the occurrence of such conditions is the lack of 
continuity of individual sand bodies despite the continuity of the 
horizon as a whole. This condition apparently holds in a number of 
places in thick sandy horizons such as the Bartlesville or Glenn sand 
of Oklahoma and the Hundred Foot sand of Pennsylvania. Some- 
what similar conditions apparently have influenced the distribution 
from the so-called ‘‘breaks’’ in the Marble Falls limestone of northern 
Texas and the Mississippi lime of northern Oklahoma and southern 
Kansas. These breaks consist of thin sands, sandy limestones, or 
simply porous portions in otherwise dense limestones. Breaks are 
commonly found at similar stratigraphic levels within these formations 
in adjacent producing areas. However, they cannot be considered as 
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continuous bodies, inasmuch as intervening wells frequently fail to 
find the slightest trace of the break. An example illustrating such 
conditions and their importance in determining production is given 
in Chapter XVII, page 414, where the producing area at Ranger in 
northern Texas is discussed. 

In other cases, however, the drill shows the main body of the sand 
to be definitely continuous. Yet wells having ideal structural loca- 
tions fail to show even a trace of oil. In most cases such wells are free 
of water also. The explanation is necessarily one of differences within 
the sand body itself. This may be differences in the size or assort- 
ment of the grains or irregularities in the degree of its cementing. 

It is difficult to explain such variations by recourse to any single 
causal factor; in most cases, it would appear that several have con- 
tributed materially to the result. 

Glenn Pool, Oklahoma.'—The discovery well in the Glenn pool 
was drilled in 1906. Two years later the annual production exceeded 
twenty million barrels. Yet the area was not one of sensational wells. 
A number yielded more than a thousand barrels daily, but the average 
well was not comparable with the gusher wells completed in recent 
years in the deep horizons found in pools to the southwest and west 
of the area. Glenn pool proper occupies an area of about fifteen 
square miles lying between the towns of Kiefer and Glennpool; but 
if the various extensions be included, the area is considerably greater. 
The chief productive horizon, the Glenn sand, was found at a depth 
of about 1,500 feet. Because of this and the absence of difficulties in 
drilling, the area developed rapidly. 

The dip of the Pennsylvanian surface beds in the vicinity of the 
producing belt is about fifty feet to the mile to the west. The absence 
of continuous outcrops makes the determination of minor flexures in 
surface beds uncertain. A contour map drawn from surface data by 
C. D. Smith shows the normal dip in these beds to be interrupted only 
by the presence of a series of undulating incipient folds with axes 
pointing toward the west. They are not strong enough to produce 
closures. Glenn pool proper corresponds roughly in position with the 
outline of one of these, but a similar slightly elevated area immediately 
to the north is marked by dry holes. 

1 Data on Glenn pool mainly from: 

; Smith, Carl D.: The Glenn Oil and Gas Pool, and Vicinity, Oklahoma, U. 8. 
G. 8. Bull. 541, pp. 34-48, 1914. 


Wilson, W. B.: Geology of Glenn Pool of Oklahoma, A. A. P. G. Bull., Vol. 
11, pp. 1055-1066, 1927. 
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a whole thickens materially toward the south, thus tending to accen- 
tuate southwestern dips and to decrease the slight northwestern slopes. 
In addition local folds having definite closures appear when the top 
of the Glenn or Bartlesville sand near the base of the Cherokee forma- 
tion is contoured. In part these closures are due to irregularities in 
the thickness of the Glenn sand and to the differences in the position 
of the oil within the sand body. However, the more definite closures 
reflect the position of true folds which have been contoured in the 
Mounds or Wilcox sand. This is found in Glenn pool at a depth of 
about 300 feet below the base of the Cherokee formation, the two hori- 
zons being separated by the Mississippi lime and the Chattanooga 
black shale. 

The outstanding productive horizon is the Glenn or Bartlesville. 
Substantial amounts of oil have also been secured from the Red Fork, 
Tanaha, Dutcher, and Wilcox sands. Several lenticular sands of 
limited horizontal extent have yielded oil in the southern part of the 
area. The Wilcox sand is apparently continuous over the whole area. 
The low quality of the oil found in it here in contrast with the high 
quality of oil normally contained in the horizon is indicative of the 
existence of artesian water circulation in this horizon at some time in 
the past. Wilcox sand production is limited to small areas having 
definite anticlinal form. 

The Tanaha and Dutcher sands lie immediately below the Bartles- 
ville; the Red Fork is a short distance above it. All are in the lower 
half of the Cherokee shales. The three less important sands are con- 
sidered as fairly continuous. However, all are relatively thin and 
appear to be subject to rapid change in both thickness and porosity. 
Production from them is very irregular in distribution. The Bartles- 
ville or Glenn sand reaches a thickness of more than a hundred feet 
through much of the producing area. Not all of this thickness is 
productive, however. Even in the most prolific sections the horizon 
contains definite breaks of shaly matter or tightly-cemented fine sand. 
These become more pronounced toward the north and east, the sand 
rapidly changing into shale. It is to be regretted that the early de- 
velopment of the area militated against the keeping of complete well 
logs. All that is available in most cases are the sand records. Even 
these, when no oil was secured, were frequently incomplete. The 
isopach map of the Bartlesville sand constructed by W. B. Wilson 
shows a definite decrease in the thickness of the Bartlesville sand to 
the east of the productive area. The absence of production immedi- 
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ately north and northeast of the town of Glennpool in a section where 
the thickness of sand reported by drillers is from twenty-five to 
seventy-five feet indicates that the eastern limit of production is de- 
termined as much by the increase in cement content or decrease in 
size of sand grains as it is by thinning out of the sand. 


RANGE Tl EAST RANGE-|2-E AST RANGE: 13-EAST 


TOVIASHIP-18: ORTH 


TONASHIP:17 NORTH 


“ISOPACH HAP ° 


BARTLESVILLE (GLE) SAND 
contour interat-25f Foe 
SHADED PORTION = PRODUCING AREA 


TONASHIP 16 AORTH 


Fic. 99.—Isopach map of Bartlesville sand, Glenn Pool, Oklahoma. After 
Wilson, W. B.: A. A. P. G. Bull., Vol. 11, p. 1064, 1927. 


While the northern and eastern edges of the producing belt are 
marked by wells which are really dry, those on the western and south- 
ern edges find the Bartlesville saturated with salt water. There is 
no reason to doubt that the migration of the oil is from the south and 
west and that the trap is due solely to changes in the character of the 
Bartlesville horizon. The local folds in the Bartlesville do not appear 
to have been of more than minor importance in the accumulation of 


oil in this horizon. 
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Burbank Pool, Oklahoma.'—The Burbank pool was discovered 
in 1920. In May a well was completed in the S.E. quarter of See. 36, 
T. 27 N., R. 5 E.; and in September another, some distance away, In 
the N.E. quarter of Sec. 9, T. 26 N., R.6 KE. Both of these wells were 
located in areas in which the surface rocks indicated the existence of 
favorable structural conditions. Much of the intervening and adja- 
cent areas were considered as of little value at that time because of 
the lack of definitely favorable structural conditions. Minor synelines 
are found adjacent to the definitely domed sections, but a general 
westward monoelinal dip predominates in most of the area. As de- 
velopment proceeded, it was found that the oil was not limited to the 
comparatively small domed areas but spread out between them and 
extended northward and eastward for a considerable distance through 
areas of synclinal or monoclinal character. A number of leases were 
purchased at auction by the larger producing companies at the rate 
of more than $5,000 an acre despite the absence of indications of dis- 
tinetly favorable structural conditions. By the end of 1923, 1,110 
producing wells had been completed on 120 quarter sections and 
61,923,485 barrels of oil had been produced. Further extensions and 
the sustained production of the wells made it possible to more than 
double that figure before the end of 1926. 

The Burbank sand, which constitutes the chief producing horizon 
of the pool, is considered to be a delta deposit. The sand body was 
laid down during the Cherokee epoch at about the same time as the 
widely distributed Bartlesville sand was laid down to the east of this 
area. It is not considered to be strictly identical or continuous with 
it. The thickness of the producing horizon ranges from 50 to 80 feet. 
The oil sand is defined as a fine-grained calcareous sand, whieh is inter- 
stratified to some degree with thin beds of blue or brown shale. The 
reaction of wells when drilled deeper indicates that the producing zone 
is definitely broken into several distinet horizons by these partings. 
The productive thickness is considered as being between 25 and 40 feet 
in the majority of the wells. 

The structure at Burbank resembles that of many other parts of 
the Osage Nation. The outcropping beds of limestone show the pres- 
ence of a number of small and irregularly placed domal and basinal 

1 Data on Burbank pool mainly from: 

Sands, J. M.: Burbank Field, Osage County, Oklahoma, A. A. P. G., Bull. 
No. 8, pp. 584-592, 1924; and Bull. No. 11, pp. 1045-1054, 1997. 

Melcher, A. F.: Texture of oil sands with relation to the production of oil, 
A, A. P. G. Bull., No. 8, pp. 716-739, 1924. 
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Fig. 100.—Contour map on the top of the producing horizon in the Burbank 
pool. After Sands “T. Mir CAL TAn PG. Bull Vol: a. p. 1049, 1927. 
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areas upon a westward sloping monocline. Small closures were found 
in Section 9, T. 26 N., R. 6 HE. and in the northwestern corner of 
Section 6 of the same township. The latter closure extended into 
the adjacent sections as well. Despite the fact that the producing 
horizon was 2,800 feet below and near the base of the Pennsylvanian, 
these minor domes were found to be reflected in the contours drawn 
upon that horizon. As is usual throughout the Osage area, the re- 
verse or eastward dip is somewhat greater in the deeper horizons, 
making the closures somewhat larger. In this case the closures 
reached a vertical extent of about 30 feet. 

Judged solely from a structural standpoint, the production of the 
areas within the closures should have been greater than that from the 


TABLE 56.—TABLE SHOWING RELATIVE PRODUCTIVITY CF DIFFERENT PORTIONS OF 
THE BURBANK POOL.* 


Date First Total Produc- | Length . 
: WwW il D ih d Production 18 a tion | of Time | Subsea Elevation 
Section : ai He to Dec. 31, | PEt per Produ- Top of Sand 


1923 Dec. 31, Acre cing 


1923 
1 BEL Bbl. | Months 
1. Sept., 1920 2,934,698 | 44 3,500 | 40 —1,710' 
2. Dec., 1920 2,261,320 63 3,500 | 37 —1,780' 
3. Aug., 1921 2,996,053 64 4,700 | 28 | —1,800’-—1,840" 
a: Oct... 1922 3.591482 | 32 | 11500 | 15 | —1'820’-—1/880’ 
5. Apr., 1923 2'075,320 13 | 13/000 8 | —1'820’-—1'880’ 


* After Sands, J. M.: A. A. P. G. Bull, Vol. 8, p. 588, 1924. 


less favorably located areas to the north of them. Yet this is not 
shown in the production figures that have been compiled. 

While the higher portions of the producing area contained greater 
amounts of gas than the lower ones, there was no definite gas area. 
The gas appeared to have been distributed rather uniformly through- 
out the whole of the area. However, there was reason to believe that 
communication between the different portions was not easily accom- 
plished. The lessening of the gas pressure in one place through rapid 
recovery of the oil appears to have little or no effect upon the pressure 
in portions of the horizon only half a mile away. 

From the lack of conformity between structure and production 
and the failure of the gas pressure to become equalized quickly, it 
may be concluded that communication between different parts of the 


ACCUMULATIONS CONTROLLED BY POROSITY 353 


horizon is difficult, and that despite the apparent continuity of the 
horizon as a whole there are wide and important variations in its 
porosity. To the west and south the limits of the productive area are 
defined by salt water; to the east, it is no less definitely terminated by 
tightening of the sand horizon and gradual change into impervious 
material. According to Melcher? the diameter of the grains in the 
producing sand becomes less toward the eastern edge of the pool until 
it finally merges into a shale. Determinations of the pore space of 
an edge well in this eastern portion, which yielded a maximum produce- 
tion of 25 barrels daily, show a porosity of from 13.7 to 15.38%. On 
the other hand, tests of samples from one of the largest wells in the 
center of a large productive area yielding wells of several thousand 
barrels initial capacity showed pore space ranging from 27.8 to 32.7%. 
Minor Producing Areas.——The productive areas just discussed 
have been of the more important types. Variations in porosity may 
be even more striking in their effects in less sensational areas. One of 
these, a producing area in T. 27 N., R. 10 E., Osage County, Oklahoma, 
appears to be of sufficient interest to warrant some discussion. The 
productive area, according to Rob- 
inson and Mills,? occupies parts of 
Sections 11, 12, 138, 14, 15, and 23. It 
corresponds almost exactly with a syn- 
clinal area that is largely surrounded 
by anticlinal sections. The produc- 
tive horizon is a stray sand lying be- 
tween the Little Lime and the Big 
Lime, two distinctive Pennsylvanian 
horizons encountered in drilling. Its 
maximum recorded thickness is 96 
Peep undid vie chic inca stray sand in T. 27 N., R. 10 E, 
throughout the productive area about OLE Cannan Guianomal Attar 
40 feet. Wells drilled to it were cred- Robinson, H. M., and Mills, R. V. 
ited with an average production of 4: U. S. GS. Bull. 686, Plates 
about 40 barrels a day. The sand was XLVI and XLVIIT, 1919. 
reported as being very tight. It was 
found necessary to shoot the horizon with charges up to 200 and 300 
quarts of nitroglycerin to obtain the full production. 


Fig. 101.—Productive area of 


1A. A. P. G. Bull. No. 8, p. 767, 1924. ; , eee 
2 Robinson, H. M., and Mills, R. V. A.: U. 8. G. S. Bull. 686-V, pp. 308-827, 


1919, 


354 GEOLOGY OF PETROLEUM AND NATURAL GAS 


A number of wells have been drilled to stratigraphie depths con- 
siderably greater than that of the productive sand in nearby areas. 
In the Blaine dome to the north, and the Bellieu dome and the Her- 
ridge anticline to the south, gas and oil have been found in paying 
quantities. In none of these except the northeastern part of Bellieu 
dome is any oil reported in the stray sand under discussion. In some 
wells existence of the sand is recorded, but in others it does not appear 
in the driller’s log. 

Similar conditions are common in the various sands of the Devo- 
nian in western Pennsylvania. They are particularly marked in the 
Catskill formation in which rapid 
variations from sandy to shaly 
phases appear to be abundant. 
One of these occurring in the Fox- 
burg Quadrangle has been men- 
tioned by E. W. Shaw and M. J. 
Munn.t 


The productive area was one of 
small size and was known as the 
Rattlesnake pool. Production was 
obtained from an area which was 
distinctly synelinai in form and 
came from a horizon that was cor- 
related with the Hundred Foot 
sand. The same general horizon 

was productive in the Rosenberry 
NS 901 four miles : 4 
pool four miles to the northeast. 
Fig. 102.—Structure map of the Structurally there seems to be no 


Rattlesnake pool. Adapted from : +) 
: reason why the oil in th attle- 
Shaw, EH. W., and Munn, M. J-: U. : : the Rattle 


S. G. §. Bull. 454, Plate X, 1011. snake pool should not have mi- 

erated up the slope to the general 
area of the Rosenberry pool. Salt water was found in contact with the 
oil in both places. 

This was one of the conditions that led Munn to propose the hy- 
draulie theory, which has been discussed in Chapter VIII. Increased 
knowledge of the nature of producing horizons and of the complete- 
ness of the separation which can be produced by variations in porosity 
makes it possible for us to consider that the absence of oil in the inter- 
vening areas and its presence in this synelinal basin were due almost 
solely to changes within the horizon itself. 


1 Coal, oil and gas of the Foxburg quadrangle, Pa., U. S. G. S. Bull. 454. 1911 
; ; 
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Pools at Unconformable Contacts.—Where the porous horizon 
into which the oil and gas have migrated is one that was formed from 
the untransported products of weathering or closely related talus 
material, its form may be expected to be of great irregularity. Such 
horizons are of major importance in the Panhandle structure of west- 
ern Texas, the Healdton anticline, and a number of other recently 
discovered pools in the Mid-Continent Province. In most eases the 
form of the producing area is definitely arched, and in some eases 
production is obtained from overlying continuous beds. The discus- 
sion of such producing areas is, therefore, best taken up in Chapter 
XVIL 

Where the sections that had been subject to erosion are submerged 
below sea level, their highest points may remain slightly above or 
below the water line. If the slopes of their sides are abrupt, they may 
have little effect upon the nature of the deposits laid down adjacent to 
them. ‘Thus in deep waters, limestones may abut the ridges of older 
rocks. With shallower waters, shales and sandstones may be de- 
posited. Oil and gas formed in such sediments would tend to migrate 
in the normal manner through their porous portions. On reaching 
the tilted and irregular surface of the eroded rocks, their migration 
would either cease or change materially. If the eroded surface was 
covered by porous products of the weathering, vertical movement 
might become very pronounced. If the older material was highly 
porous, the oil and gas would tend to enter it in large amounts. If 
neither base nor contact zone were of such nature as to permit migra- 
tion, the movement of the oil and gas would terminate abruptly at the 
contact between the sediments and the older base. This has appar- 
ently occurred in a number of instances. 

Sunset Extension, California..—One case of such character oc- 
curs in the southern part of the San Joaquin Valley of California. 
The area is known as the Sunset Extension pool. It is one of the 
minor producing sections in Kern County. 

The productive belt lies in the foothills of the Temblor Range and 
has a length parallel to that range for a distance of about two miles. 
Its greatest width is only one mile. Several wells were drilled just 
before the close of the last century. The oil was of low grade; and 
as the wells were small producers, the section was not developed. In 

1 Rogers, R. A.: Sunset Extension Field, California Oil Fields, Vol. 9, No. 
12, pp. 18-24, 1924. 
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Fig. 103.—Sunset Extension Pool. Topography, surface geology and ideal 
section. After Rogers, R. A.: California Oil Fields, Vol. 9, No. 12, p. 21, June, 
1924, 
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1922 better prices made operations commercially feasible and a num- 
ber of wells were drilled in that year and shortly afterward. 

The formations present are the surface alluvial material of the 
valley, the McKittrick formation, and the Maricopa shale. The Me- 
Kittrick formation is divided into upper and lower parts, known re- 
spectively as the Paso Robles and Etchegoin. The Paso Robles mem- 
ber consists of a series of poorly consolidated sandstones, clays, and 
sandy shales. It dips northward at the rate of 20 degrees. The 
Etchegoin consists of porous sands partly separated by shales. It lies 
directly upon the tilted surface of the Maricopa diatomaceous shales. 
In these the northward dip is at the rate of 50 to 63 degrees. 

The Paso Robles overlaps the Etchegoin. This fails to outerop in 
this vicinity and pinches out to the south between the Paso Robles and 
the Maricopa. As both of these formations are composed mainly of 
shales, a definite trap is formed. The accumulation in the Etchegoin 
is complicated by the fact that it is not a single sand body but a series 
of sands interstratified with hard shells and beds of brown and blue 
clay. The final position assumed by the oil is therefore somewhat 
different from that which it would have taken had the porous horizon 
been more definite in outline. A shght change in dip from due north 
to northwest seems to have been of some importance in localizing the 
accumulation. 

Maikop, Russia..—A Beeby Thompson considers the productive 
area at Maikop on the northern slope of the Caucasus Mountains to 
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Fie. 104.—Section through Shirvanskaya wells, Maikop pool, Russia. After 
Thompson, A. B.: Inst. Min. & Met. Trans., Vol. 20, p. 229, 1911. 


be an excellent case of accumulation of oil in the highest portions of 
sands which had been deposited upon a tilted and folded base. The 
production from this area, while not comparable with that obtained 
1 Data on Maikop mainly from: 
Calder, William: The Maikop Oil Field, South Russia, Inst. Min. Eng. Trans, 


Vol. 48, pp. 321-347, 1915. 
Thompson, A. B.: Inst. Min. & Met. Trans., Vol. 20, pp. 229-230, 1911. 
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from Baku or even from Grosny, was equal to more than a million 
barrels in 1912. 

The productive sands are of Tertiary age and rest upon the under- 
lying Cretaceous strata. The area has been subjected to continuous 
overlap by the seas. The lower parts of the Tertiary strata terminate 
abruptly in contact with the Cretaceous; the upper overlie the whole 
area without reference to the form of the underlying Cretaceous. 
In the unexposed sands abutting the Cretaceous, the conditions were 
favorable for accumulation and retention. It is from these that the 
oil has been taken. 

Channel Deposits—Thin sand bodies may be deposited in chan- 
nels by different agencies under different conditions. The two most 
probable agencies are the waters of tidal currents and rivers. The 
tidal channel system of a lagoon presents an ideal area for the deposi- 
tion of lenticular bodies of sand. Such channels are apt to be mean- 
dering in character and greatly branched because of the flatness of 
the area over which the waters flow. Extreme lenticularity with nu- 
merous local variations into shaly matter may be anticipated in such 
areas. 

Rivers deposit sand in their channels in varying percentages ac- 
cording to the slopes of their courses and the character of the material 
which they are transporting. Where the river is any distance above 
the elevation of the permanent base level, the deposition of the sand 
must result in deposits that are largely of temporary character and 
likely to be removed shortly after their formation. If the deposition 
oceurs close to sea level and is followed immediately by a period of 
subsidence sufficient to bring the level of the area below the range of 
the most active sorting action of the waves, the river sand bar and 
other related forms of channel deposits may be preserved indefinitely. 
The formation of such deposits may be considered as being encouraged 
by oscillating movements of the shore lines during periods of deposi- 
tion. Slightly uplifted, partly consolidated sediments of recent depo- 
sition are easily cut into by streams and relatively deep channels 
formed in sections of low relief. If the emergence is followed by 
submergence, the decreased carrying power of the streams will natu- 
rally result in the deposition of sands in these channels. Further 
subsidence will tend to change the character of the deposits and per- 
mit clays to be laid down over the whole of the area. 

If the period of the emergence is short and the clays are deposited 
under similar conditions to those existing before the emergence, the 
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evidence of the uplift may be practically obliterated. Determination 
of the areas in which the porous sands occur and are therefore most 
likely to contain oil and gas is naturally a costly and difficult prob- 
lem. The only indication of the existence of the channel sands is 
furnished by actual drilling into them. If rivers and tidal channels 
were straight, some projection of their courses might be possible; but 
the winding form of the main streams and the complicated arrange- 
ment of distributaries and tidal channels, which are normal to low- 
lying coastal plains, are not conducive to such projections. 
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Fig. 105.—Shoe string oil and gas poo's of Anderson and Linn Counties, 
Kansas. After Rich, J. L.: A. A. P. G. Bull, Vol. 10, p. 569, 1926. 


‘Shoe String Sands,’’ Bastern Kansas.'— While not. as large pro- 
ducers of oil as a series of similar deposits to the west of them, a 
series of channel deposits known as the ‘‘shoe string sands’’ of eastern 
Kansas are of considerable interest. These unusual sand bodies lie 

1 Data from Rich, John L.: Shoe String Sands of Eastern Kansas, A. A. P. G. 
Bull., Vol. 7, pp. 103-113, 1923; and Further Observations on the Shoe String 
Oil Pools of Eastern Kansas, A. A. P. G. Bull., Vol. 10, pp. 568-579, 1926. 

24 
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close to the top of the Cherokee shales of Pennsylvanian age. The 
sand bodies occupy what were apparently sharply cut channels in 
the underlying shales. Some thicknesses of over 100 feet have been 
measured, but more commonly the bodies are less than 50 feet in 
thickness. The shoe strings vary in width up to half a mile and have 
been traced over as great a length as 15 miles. 

According to Rich, the Bush City string has a known length of 
eleven and one-half miles. The dip of the sand is the prevailing west 


7 208. 


GARNETT SHOESTRING 


Fie. 106.—Development of the Garnett shoe string, Eastern Kansas as of De- 
cember, 1922. After Rich, J. L.: A. A. P. G. Bull., Vol. 7, p. 106, 1923 
. d me 


dip of the section in which it oceurs. Thus the bottom of the strine 
lies at a depth of 640 feet at its eastern end and at 840 feet at e 
western extremity. The cross section of the sand body shows a chan- 
nel filling about 50 feet. The basal, five to ten feet, are made up of 
black, somewhat shaly, pyritiferous sand. Above this there are 20 feet 
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of relatively clean sand containing the bulk of the oil. The sand 
then becomes shaly again; and although oil-bearing, the next 10 to 15 
feet are of little value. The uppermost portion, from five to 15 feet 
in thickness, consists of white micaceous, talc-like shale, which may be 
sandy in some areas. 

Dry holes mark the edge of the string. Those close to the string 
reported the finding of the upper white shale but passed directly into 
the blue shales of the Cherokee and failed to strike the sand itself. 
The distribution of the clean sand is not regular in the Bush City 
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Fie. 107.—Typical cross-section of the Bush City shoe string, Kansas. After 
Richy dls Aces G. Bulle, Volo lO py ort, 1926: 


string but thickens and thins in an irregular manner. No water has 
been found in the string at any point. The degree of saturation in 
the oil-containing parts does not appear to have been high. 

The confinement of the oil to the string necessarily limits the man- 
ner of its occurrence. The absence of water throughout the area dis- 
cussed by Rich is difficult to explain, especially as it has been found 
in other similar strings. The best production in this string came 
from the highest parts of the trap, namely from Sections 18, 8, and 5 
of T. 21S., R. 21 E., where several wells of 200 barrels daily capacity 
were drilled. A minor structural high in the eastern half of Section 
15 of T. 21S., R. 20 E. is reported to have been more productive than 
the parts of the string adjacent to it. 

In the related Colony string, gas and water have been found. The 
greatest accumulation of gas was found in a prominent northwestward 
plunging anticline. In the Garnett string no water has been found. 
Gas was most prominent in the higher eastern portions and oil in the 
lower western portions. The area to the west of the oil-yielding part 
of the string is like the Bush City string in that it yields no water and 
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merely a trace of oil. This condition is repeated in the Goodrich- 
Parker string. 

Large Elongated Sand Bodies.—In Greenwood County *t in Kan- 
sas, in Washington County of Oklahoma, and in sections immediately 
adjacent to them, are a series of sand bodies that appear to be closely 
related to those of eastern Kansas just discussed. They are consider- 
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Fig. 108.—Map of shoe string pool area in Greenwood County, Kansas. After 
Oil and Gas Journal, Oct. 22; 1925, insert map. 


ably different from them in being of much greater average width and 
reaching greater thicknesses. In addition, they are considered to have 
been laid down somewhat earlier. While a number of shoe string-like 
bodies have been discovered, the best known are the Sallyards-Madison 
shoe string in Greenwood County and the Hogshooter in Washington 
County. The first extends for a length of about 50 miles in a north- 
east-southwest direction. The second has been traced for about 45 


1Cadman, W. K.: The Golden Lanes of Greenwood County, Kansas, A. A. 
P. G. Bull., Vol. 11, pp. 1151-1172, 1927. 
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miles in a north-south direction. While usually narrower, the Hog- 
shooter attains a width of five miles in places. The maximum for the 
Sallyards-Madison is about the same. 

The great extent of these sand bodies naturally arouses questions 
about their origin. Their position and relations with adjacent sedi- 
ments suggest that they were laid down upon an eroded early Chero- 
kee surface. The form of this surface, while partly due to erosion of 
a thin.layer of sediments formed during a short period of shale deposi- 
tion during the earliest part of the Cherokee, was considered as re- 
flecting more closely the forms resulting from erosion between the 
close of deposition in the Mississippian and its beginning in the Penn- 
sylvanian. While there is sufficient evidence to warrant the feeling 
that the small offshoots to the main sand bodies are true channel de- 
posits, there is not enough to determine definitely that they are either 
stream- or tidal-channel deposits. Similarly it is not possible to de- 
termine from the evidence offered up to the present whether the main 
sand bodies are river deposits or examples of somewhat unusual sand 
bars. The author personally inclines to the view that they are of the 
river-channel origin. 

Geologists who have worked in these areas are practically unani- 
mous in stating that accumulation is controlled mainly by the form of 
the sand bodies and by the topographic contours of their upper sur- 
faces. Because of their size, however, structural considerations can- 
not be disregarded entirely and tend to assist materially in determin- 
ing the localization of the productive areas. 

Hogshooter String.—The MHogshooter sand of Washington 
County, Oklahoma, has been described by Walter R. Berger,t who 
considers it to be a channel-sand deposit of river origin. The pro- 
ductive sand is commonly known as the Hogshooter gas sand after a 
large pool of the same name. The sand body varies from one to five 
miles in width over its length of 45 miles. The sand was found in a 
trough-like depression in the cherty limestones of the Boone forma- 
tion of the Mississippian. Immediately above it are shales of the 
Cherokee formation of Pennsylvanian age. The maximum depth of 
the sand body was recorded as 168 feet. The thickness varies con- 
siderably, being greatest at the center of the channel and pinching 
out at the sides. Locally the sand body branches out to the east and 
to the west in the general form that might be expected where tributary 
streams enter the main stream. 


1A. A. P. G. Bull, Vol. 3, pp. 212-216, 1919. 
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The more definitely outlined pools 
are the Hogshooter gas pool, the Bur- 
gess oil pool, and the Vander pool. 
The Hogshooter gas pool is 12 miles 
long by one and one-half miles in 
width and extends northward from 
the west-central part of T. 24 N., R. 
14 E. The Burgess pcol is two miles 
north of this and has a length of four 
miles parallel to the direction of the 
channel. It is only about a mile wide. 
North of the Burgess pool a number 
of wells have been drilled and a scat- 
tered production developed. There is 
one minor pool in this area. About 
12 miles north of the Burgess pool, 
the important Vander pool was dis- 
covered. South of the Hogshooter 
gas pool, the Boone and the Cherokee 
formations diverge, other beds coming 
in between them. The trace of the 
ancient channel is not as clear in this 
section as to the north but is believed 
to be responsible for the location of 
some productive areas. 

In so large a body of sand as this, 
the shght south component of the nor- 
mal southwest dip of the region has 
not been sufficient to cause continued 
migration to the northern or higher 
portion of the sand. Loeal structural 
conditions, resulting from folding, 
have caused the accumulation to fol- 
low the structural lines to a consid- 
erable extent. However, the borders 
of the sand body so definitely re- 
strict the areas of possible produc- 
tion from this horizon that structure 
must be considered as of much less 
importance than the form of the sand 
body. 
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Summary.—Similar conditions are known to exist in the Sall- 
yards-Madison string where at least 10 distinct producing areas have 
been developed. The same conditions are considered to control pro- 
duction in the less definitely outlined Scott-Teeter-Pixlee and Fox- 
Bush-Hastman areas in Kansas. Whether they have been of major 
importance in determining productive areas in the Appalachian field, 
in which depositional conditions were much the same, is not definitely 
known. The development of that area came largely prior to the de- 
velopment of geology as a science. The large number of productive 
horizons and the failure to make proper correlations during develop- 
ment make studies of causal factors difficult. The same condition 
has held in most of the world’s fields until very recently. As the 
first essential to study of such conditions is accurate subsurface data, 
the fund of good examples that can be cited is very limited at present. 
This is true not only of the channel deposit accumulations but also 
of all of the other types that have been discussed in this chapter. 
It is the feeling of many geologists, including the author, that the 
more thorough studies which are being made today, combined with 
increasing knowledge of the underlying conditions that control accu- 
mulation, will demonstrate that such conditions have even greater 
importance than they have been credited with. 

Production from Fissures.—The effects of jointing in the develop- 
ment of porosity were discussed in Chapter VII. Fissures and crev- 
ices resulting from dynamic stresses appear to be of major importance 
in determining the sections in which solutional agencies can develop 
high porosities such as are needed in container rocks. It is seldom 
that the joint or fracture plane develops into a fissure of sufficient 
size to be of economic interest unless such activity is also present. 
Detailed examinations of a number of cases in which oil and gas were 
believed to have come from fissures in shales and clays indicate that 
the sources were actually sandy lenses within those bodies. 

In a few, the inability to find any difference in the composition of 
productive and non-productive portions and the erratic behavior of 
the wells give definite indication that the oil and gas are being taken 
from true fissures. In most cases fissure production is associated with 
production from the normal types of containers, sands and limes. It 
is commonly found in shales immediately overlying such horizons. 
The production is commonly subordinate to that obtained from these. 
Thus while fissure wells have yielded a considerable quantity of oil 
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at Salt Creek, Wyoming, the main source of the oil has been the true 
sandstones. 

The San Felipe shales overlying the Tamasopo limestone in the 
Panuco and Tamasopo Ridge areas of eastern Mexico have been frac- 
tured badly by the intense dynamic movements that have occurred 
in those areas. They have been productive of large amounts of oil 
in many wells, but their total production is not comparable with that 
of the underlying porous limestone. Shale wells in both Salt Creek 
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and Mexico have been extremely erratic in behavior. In the great 
majority of cases initial gas pressures and yields have been high, but 
declines have been extremely rapid. The rapidity of decline is not 
absolutely certain, however, some of the shale wells producing com- 
mercially for years. 

In these and most other areas producing oil from shales, the close 
proximity of sand or lime production of much greater importance 
leaves little doubt concerning similarity in origin. Even though the 
crevices do not appear to be connected with the underlying sands and 
porous limes today, the previous existence of such connections appears 
probable. 

At Florence,’ in the Canon City embayment or synclinal area 
east of the Front Ranges of Colorado, shale crevices appear to be the 
only source of oil. Sands do not appear as producing horizons, the 
productive zone, though 2,500 feet thick, being composed entirely of 
shales. The crevices which yield the oil occur in the Pierre shales. 
Close to the surface the fissures contain waters that have migrated 
downward. Very little water has been found with the oil, though 
considerable has been found by wells that reached the underlying 
Niobrora formation. 

The oil has been taken from a number of related but not in the 
main connected fissures. Individual fissures or crevices appear to 
have considerable vertical and horizontal extent. Their positions 
have been found to correspond in a general way with the positions 
of joints and folds noted on the surface. Drainage of producing 
wells by others striking the same fissure at lower depths has been of 
common occurrence. Wells that were located similarly with respect 
to the strikes of fissures have given similar yields. Others close to 
producing wells but farther away from the strikes of the fissures have 
missed them entirely and produced no oil. 

The original source and the manner of accumulation of the oil in 
this area are not known. Several seepages of oil and areas of solid 
bitumens have been found in nearby sections in which sand horizons 
underlying the Pierre shales outerop. From this it would appear 
that the oil may have migrated up into the crevices from below 
during a period when the crevices were more extensive and continu- 
ous than they are today. The absence of complete data on this and 
on other areas renders it impossible to make definite statements con- 
cerning either source or accumulation. 

1 Washburne, C. W.: The Florence Oilfield, Colo., U. 8. G. S. Bull. 381, pp. 
517-544, 1910. 


CHAPTER XV. 


IGNEOUS ROCKS AS OIL CONTAINERS. 


Considerable attention has been paid to the possibilities of produc- 
tion in structures associated with igneous phenomena. Such accumu- 
lation may be thought of as of two types: first, accumulation in 
igneous rocks which, because of their porosity, form suitable con- 
tainer rocks; and second, accumulation in adjacent rocks due to the 
arching of such rocks by intrusive igneous bodies. The uplift that 
accompanies the intrusion of sediments by magmas in some eases is 
illustrated in the doming of sediments above laceoliths. While some 
oil-yielding domes have been suspected of being of laccolithic origin, 
this has not been definitely proved in any of the cases known to the 
author. The possibility, however, must be recognized. 

Plug-like intrusions are known in the Tampico-Tuxpam embay- 
ment. These, together with intrusive dikes, pierce the sediments and 
uplift them to some extent. The arching of the strata resulting is 
conducive to the migration of oil within the strata toward these up- 
lifted areas. The intrusions are without exception accompanied by 
much fracturing of the adjacent sediments. This, together with the 
shrinkage of the intrusive masses through cooling, tends to produce 
fractures in the sediments through which the oil may escape to the 
surface. Where neither the intrusions nor the prominent fracture 
lines associated with them extend to the surface, they may still be 
important factors in the concentration of oil and gas. The fissures 
form ideal channels through which these substances may move toward 
porous strata in which accumulation may be accomplished in the 
normal manner. 

It would seem that the major function of the intrusive dike or 
plug is that of assisting in migration rather than acting as a direct 
agency of accumulation. The existence of some heavy oil in the sur- 
rounding sediments is to be expected, but commercially important 
wells can hardly be anticipated. In general, it is felt in Mexico, 
where dikes and plugs have been studied most in this connection, that 


the more desirable locations for testing are some distance from the 
igneous phenomena. 
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Furbero.'—The production of oil from igneous rocks that have 
high porosities is no longer unusual. One instance of interest is 
that of the production obtained from the Furbero structure at. the 
extreme southern end of the Tampico-Tuxpam embayment area of 
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Fig. 111.—Sketch map of the Furbero Pool. After De Golyer, E.: A. I. M. 
E. Trans., Vol. LII, p. 269, 1915. 


Mexico. Here the Mendez shales have been intruded by a very thin 
laccolithic mass or sill, which has spread along the bedding planes of 
the already folded sediments. Those at Furbero had apparently been 
folded into the general form of an anticline. The intrusion evi- 
dently attained its greatest thickness near the crest of the anticline. 
This lifted the overlying beds and tended to accentuate the anticlinal 
structure in those horizons. The shales above and below the intru- 
sion were highly metamorphosed. Above the apex the meta- 
morphosed zone continues in the form of a pipe or chimney until it 
reaches the surface. 

The metamorphism of the shales by the heat of intrusion and 
through the action of the gases and liquids that accompanied it has 
materially changed the character of the fine-grained, soft, blue to 
gray calcareous shales. In some places the product of the alteration 

1De Golyer, E.: The Furbero Oil Field, Mexico, A. I. M. E. Trans., Vol. 52, 
pp. 268-280, 1915. 
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is a hard black shale. Immediately above the igneous rock the shale 
is changed to a brown color and, while hard and silicified, is porous. 
The igneous rock itself is considered to be a coarsely erystalline 
gabbro or dolerite which has undergone extensive later alteration. 
The oil occurs in both the porous metamorphosed shales and the 


Fie. 112.—Group of Geological Sections, Furbero Oil Pool. After De Golyer, 
H.: A. I. M. EH. Trans., Vol. LU, pp. 272-273, 1915. 


altered igneous rocks. Examination of a drill cutting of the latter 
showed a porosity of only six pereent. As some of the wells have 
been fairly substantial producers, there is reason to believe that the 
pore space of the rock as a whole would be somewhat greater because 
of fractures. One well in the area was credited with an initial pro- 
duction of nearly a thousand barrels a day. 

Thrall and Lockhart.—The occurrence of oil at Thrall and Lock- 
hart in Texas in ‘“‘serpentine’’ has already been referred to. The 
productive areas in both pools were limited to the extent of the igne- 
ous bodies and further localized by variations in porosity and by the 
structural forms assumed by the bodies. The Thrall pool was dis- 
covered in 1915. The depth of the discovery well was 820 feet and 
its initial yield about 250 barrels. This shallow depth, together with 
the drilling of some wells with initial yields of as much as 3,000 bar- 
rels, led to rapid development of the pool. It produced more than 
2,000,000 barrels of oil in the first two years of its life but rapidly 
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declined after that. The rapidity of the development prevented the 
accumulation of much information desired by geologists. 

No other pool yielding oil from a similar container was discovered 
until 1925, when the Lockhart or Lytton Springs pool was opened a 
short distance to the south of Thrall. The producing horizon here 
was somewhat deeper, the wells averaging from 1,200 to 1,500 feet in 
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depth. The history of development was practically a repetition of 
that of Thrall, 325 producing wells being completed during the first 
year following the discovery. Four and a half months after the dis- 
covery the pool was producing 15,000 barrels daily, but the decline 
was rapid after that time despite the large number of wells that were 
completed. Some wells yielded more than 2,000 barrels daily for a 
short time, in spite of the relatively small quantity and pressure of 
the gas and the absence of edge and bottom waters to provide hydro- 
static head. 
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A third pool was discovered at Dale in the same area in 1927. 
proved to be of smaller size than its predecessors. 

The importance of the Lockhart discovery was quickly recognized 
by geologists and producers and every effort made to gather com- 
plete information about it. Several excellent descriptions * of the 
pool have been published. 


Mia. 114.—Lockhart or Lytton Springs Pool. Contour map showing position 
of the top of the serpentine. After Collingwood, D. M., and Rettger, Noi esa 
A. P. G. Bull., Vol. 10, insert opposite p. 959, 1926. os 

1 Bybee, H. P., and Short, R. T.: The Lytton Springs Oil Field, Univ. of 
Texas Bull., No. 2539, Oct. 15, 1925; and Collingwood, D. M., and Ronen Re Eas 
The Lytton Springs Oil Field, Texas, A. A. P. G. Bull., Vol. 10, pp: 953-975, 1926, 
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The pool lies between the Balcones 
and the Mexia-Luling fault zones. The 
surface formations are Tertiary. Be- 
low these lie Upper Cretaceous beds, 
including in descending order, the Nav- 
arro, Taylor, Austin, and Eagle Ford 
formations. Below the Eagle Ford lie 
the Comanchean horizons. These in- 
clude the Edwards limestone, which is 
productive in the’ Luling pool eight 
miles to the south. The serpentine at 
Lockhart has risen to the level of the 
Taylor Marl and the Austin Chalk for- 
mations where it has spread out hori- 
zontally. Discoloration and metamor- 
phism of the chalk at several points 
where it is in contact with the serpen- 
tine indicate an intrusive origin. This 
is further sustained by the doming of 
the overlying formations. On _ the 
other hand, the non-intrusive character 
of the contact between the serpentine 
and the Taylor Marl, together with 
the fractured and vesicular form of 
the serpentine, suggests a volcanic 
origin. It seems advisable to consider 
that the igneous body is partly intru- 
sive and partly extrusive, and that its 
porosity is partly original and partly 
the product of alteration by circulating 
waters of surface origin. 

The difference in elevation between 
the top of the serpentine at the center 
of the structure and at its edges is 
approximately 600 feet. This is con- 
siderably greater than the amount of 
folding in the overlying beds. The 
edges of the serpentine are interfin- 
gered with the sedimentary rocks. The 
serpentine has been drilled through in 
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After Collingwocd, D. M., and Rettger, R. 


Fig. 115.—East-West Cross-section of the Lockhart or Lytton Springs Pool. 
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a number of wells and the underlying sediments disclosed. The thick- 
ness in the central portion of the body is not known. The productive 
portions of the serpentine are mainly in the upper 200 feet; but due 
to the wide variation in the position of the surface of the mass in 
different parts of the structure, this has resulted in obtaining oil from 
a vertical range of 700 feet. In several wells the porous oil-containing 
serpentine was not encountered until fingers of chalk lying between 
fingers of serpentine were penetrated. In such cases the production 
came from porous portions in the upper parts of underlying ser- 
pentine fingers rather than from the porous parts of the main ser- 
pentine mass. 

The oil obtained is of 38.1° Baume gravity and is entirely different 
in character from that obtained at Luling. It is commonly considered 
to have been derived from some of the dark shales or marls in the 
Upper Cretaceous beds, which are in direct contact with the ser- 
pentine. 

Akita and Related Districts, Japan.Several of the producing 
horizons in Akita and other producing districts in Japan are con- 
sidered to be of igneous origin. This is technically correct; but as 
sedimentary agencies have been of considerable importance in their 
formation, they cannot be considered as purely igneous in origin. 
These horizons consist of voleanic tuffs and tuffaceous sandstones. 


TABLE 57.—OIL-BEARING TERTIARY STRATA OF THE AKITA DisTRIctT, JAPAN.* 


4, Uppermost Division. 
Clay, sand and gravel, unconsolidated. 
Unconformity. 
. Upper Division (Pliocene). 
Bluish gray sandstone with thin layers of conglomerate, 660 feet. 
2. Middle Division (Miocene). ie 
b. Bluish gray sandy shale, 3,280 feet. 


ise) 


Xo] 


a. Grayish shale with thin layers of tuffaceous and conglomerate sandstone 


in upper part, alternating sandstone and shale, 1,320 to 1,480 feet. 
1. Lower Division (Miocene). 


c. Black shale with thin layers of tuff and tuffaceous sandstone, 1,650 feet. 


b. Brownish siliceous shale with layers of tuff and tuffaceous sandstone. 
a. Green tuff with lignite seams. 


* After Redfield, Arthur H.: EB. & M. J. P., Vol. 120, p. 331, Aug. 29, 1925. 


They were probably laid down in shallow-water bodies during periods 
of voleanie activity and owe their present form and characteristics as 
much to the ordinary agencies of sedimentation as to their voleanie 
origin. In the same areas in which the tufts are productive, ordinary 
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sediments also yield oil and gas. Production is determined by strue- 
tural conditions similar to those which apply in other areas. 

Contact Zone Production.—Production from contacts of igneous 
rocks with sedimentary types is of some importance. In some eases 
the oil appears to be contained in the igneous rock itself. In most, 
the igneous rock surface is identified as the surface of an eroded area 
much older than the surrounding sediments. While uplifts have un- 
doubtedly occurred in such masses after the deposition of the sedi- 
ments in some areas, there is no evidence to indicate that they were 
accompanied by later igneous action that affected the accumulation 
of the oil. The presence of the oil in igneous rocks may be traced to 
the weathering and fracturing of their upper portions to form suita- 
ble reservoirs. The occurrence of oil in serpentine in contact with 
Jurassic and Cretaceous rocks in Cuba is probably of this type. 
Some authorities, however, hold the view that the serpentine is an 
intrusive with respect to these formations. Some of the oil and gas 
obtained in the Panhandle section of Texas probably comes from 
weathered and partly disintegrated granites and related rocks. The 
“‘oranite wash’’ from which much of the production is taken must 
be considered as of sedimentary origin, despite the fact that it has 
been carried only a relatively short distance. 

Summary.— While the discovery of more pools whose production 
comes from igneous rocks is to be expected, their relative scarcity 
warrants that they be considered as freak producers. The existence 
of the necessary porosity in igneous rocks that were originally formed 
at considerable depth implies alteration by agencies of surface origin. 
Those laid down on the surface are so closely related to normal 
sediments in most cases as to cause them to function in the same man- 
ner as such sediments. The importance of doming by the uplifting 
agency of the laccolithic intrusion remains to be proved; and, while 
its possibility is admitted, the absence of definitely proved examples 
makes it impossible to inelude it among several types of oil structures. 
The author cannot but feel that intrusion of beds subsequent to the 
formation of oil and gas will in the great majority of cases serve 
mainly to assist those substances to escape rather than to assist in 
their accumulation and retention. 


CHAPTER XVI. 


SALT CORE STRUCTURES. 


The production of oil from strata associated with great stocks and 
ridges of rock salt is of major importance. The salt structure is the 
source of oil in the Tertiary field of southern Texas and Louisiana. 
Oil has been found in structures of similar nature in the Isthmus of 
Tehuantepec in Mexico. The oil-producing areas of Roumania are 
closely related to salt domes in that country. In Germany salt strue- 
tures are productive in a small way. The salt dome, characterized by 
limited horizontal extent and great thickness as distinguished from 
the bedded salt deposit having the form of an ordinary sedimentary 
rock, is known in areas where it does not appear to be associated with 
oil. These include, among others, parts of Utah, Persia, and northern 
Africa. Until recently the interior domes of Texas and Louisiana 
were considered to have no oil possibilities. In the belts listed as 
containing oil and gas all of the salt masses are not productive of 
those substances. In the Gulf Coast territory of Texas and Louisiana 
some that do not yield commercial quantities of oil are productive of 
large amounts of sulphur. 

Despite the large amount of research that has been done upon the 
subject, our knowledge of the properties of salt domes is compara- 
tively small. This is particularly true in the Gulf Coast area and in 
Roumania where the most productive oil-containing structures are 
found associated with the salt masses. The explanation in the first 
case lies in their deep burial below sediments and in the second, to the 
extreme complexity of the tectonic movements that have occurred in 
the Carpathian foothills of Roumania. In contrast with the pro- 
cedure of the previous chapters, where the principles were discussed 
first and their application given later, it seems necessary to describe 
the details of the salt bodies first and then give a brief summary of 
the most important theories that have been developed to explain their 
existence. Inasmuch as the salt domes and structures of North Ger- 
many have been more closely examined than any of the others, they 
will be discussed first. Their importance lies not so much in the pro- 
duction of oil and gas as it does in their value as sources of potash. 
To the oil geologist they are particularly interesting because of the 
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fact that many of them lie close to the surface and have been pene- 
trated by mines, something that has not been possible in the oil- 
producing salt structures of other areas. 

The Salt Masses of Germany.—The salt beds of Germany formerly 
extended over a wide area. In the sharp tectonic movements that 
caused the uplift of parts of the area, the beds were folded and 
faulted. Much of the salt has been eroded. It still remains, how- 
ever, in the Magdeburg-Halberstadt Basin, the Thuringia Basin, and 
the Rhone Basin. In these areas the salt is covered by Triassic, Juras- 
sic, and in part by Cretaceous beds. To the north of the basins lie 
the Hanover and North German plains, areas in which the salt has 
not been elevated to so great an extent and only comes close to the 
surface in circular salt domes. Here the salt beds are buried below 
Tertiary sediments as well as those of earlier periods. 

The German salt stocks or Salzstécke are not isolated occurrences 
of salt like those of the Gulf Coast of the United States but are closely 
related to the ordinary salt beds or Salztafeln of the area. Between 
the true salt stock and the bedded type is the salt anticline called the 
Salzsattel. The salt beds are horizontally lying or slightly inclined 
deposits regularly intercalated between the Middle Zeckstein (Per- 
mian) beds below and the Buntsandstein (Lower Triassic) beds above. 
In the salt beds the individual strata are concordant with each other, 
and the salt formation itself is concordant with the overlying and 
underlying beds in a general way. The salt-containing strata show 
numerous series of intense folds with the frequent occurrence of over- 
turned folds projecting into the strata above and below. Thinning 
and thickening of strata are common. The foldings are strictly local 
and die out both above and below the salt beds, although other beds 
are folded in a broad manner. 

The transition from these salt beds with their various internal 
folds to the salt anticlines is slight. Here the salt beds and the for- 
mations above are arched up in the normal anticlinal form. While 
in some of the salt anticlines the folding is not accompanied by any 
material change in the outline of the salt beds, in others these beds 
~ show much more marked local folding than those of the horizontal 
type. Along with this is a general tendency toward marked thicken- 
ing of the salt body in the anticlinal area. Where the thickened salt 
bodies have come in contact with ground water, the upper surface 
appears to have been leached of its salt content and to contain only 
the less soluble gypsum. ‘This results in some cases in the formation 
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of a solution trough or graben in which later sediments may have 


been deposited. . 
The thickening of the highly folded salt beds gives rise to a defi- 
nite core area in the salt anticline. However, the core is overlaid 
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Fie. 116.—Tectonic forms of the occurrence of the German salt deposits: (@) 
‘“salt bed,’’ south of the Harz; (b) salt anticline, South Hannover; (c) salt 
anticlines with ‘‘salt table,’’? Hildesheim; (d) transition between salt anticline 
and salt stock, Benthe; (e) salt stock, North Hannover. Stratigraphie legend: D, 
Diluvium; b, Tertiary; CO, Upper Cretaecous; J, Jurassic; t,, Upper Triassic 
(Keuper) ; t,, Middle Triassie (Muschelkalk) ; t,, Lower Triassic (Buntsandstein) ; 
Y, Residual gypsum cap; S, Salt formations with potash beds in heavy black lines; 
CU, Lower Cretaceous. After Stille, Hans: A. A. P. G. Bull., Vol. 9, p. 425, 1925. 


concordantly by the strata of the overlying series, the Buntsandstein. 
The transition between the salt anticline and the salt stock (the salt 
dome of the American writer) involves the piercing of the overlying 
beds and the upward movement of the salt. This may, as at Benthe, 
show very little elevation above the original; or, as at North Hanover, 
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the salt core may extend from the Permian source beds up through 
Triassic, Jurassic, Cretaceous, and Tertiary beds. 

The salt stocks are circular, elliptical, elongated or irregular in 
cross-section. The sediments adjacent to them are at high angles to 
the horizontal. A flat gypsum cap is generally present. The flanks 
of the salt stocks are usually very steep, but moderate slopes are not 
unknown. In a few eases the salt constricts downward in the form 
of a funnel. In a few the downward constriction is so marked that 
the salt body is said to be without roots. Bedding lines may be fol- 
lowed easily in most of the salt masses despite the intense folding, 
thinning, and thickening, to which the salt hag been subjected. This 
is marked proof of the high plasticity of the salt. The less plastic 
gypsum and clay beds originally associated with the salt were shat- 
tered and have allowed the salt to move upward through the breaks. 
The strata associated with the salt stocks show evidence of folding, 
but the degree of folding is not comparable with that of the salt 
masses. 

Faulting is frequently associated with the domes. It has appar- 
ently resulted from two causes: first, as a result of stresses developed 
during the uplift of the salt masses; and secondly, as the result of 
slumping following solution of the upper surface of the salt. 

Where the salt domes were not thick or deeply buried, the bottom 
of the salt mass has been reached and the underlying sediments have 
been penetrated. However, the thickness of the salt stocks in some 
places is very great. Donald C. Barton’ gives the following record of 
wells that have stopped in salt. 


HILDSCHEIMER WoLp Dome (NorrtH West HARZ FORELAND). 


Meters Feet 

ouwulloyercer ISKONANNE oon ooG dH OOH b OHO aNC 1,350 4,431 

SHibgelsanidn INO, TE canoseanocauboues 1,400 4,595 

Satr DoMEs or THE NorRTH GERMAN PLAIN. 

SOSH OMIE? GopoansogusseamIonasooee 1,390 4,562 

Salzwedel Boring No. IV Gastritz .... 1,390 4,562 

IDM CVANNY 5 aioeaemoca co GO Ono CAG cCce 1,204: 3,952 

Altonays Liethy Boring erect tears 1,338 4,391 
Wietze-Steinforde 

Pring Adelbert No. IV .......... 1,613 5,294 


The Prinz Adelbert boring encountered salt at 109 meters or 323 
feet, making its depth in salt greater than the American record made 


1A. A. P. G. Bull, Vol. 9, p. 1254, 1925, 
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by the Texas Company, which struck the top of the dome at 1,340 
feet in a well at Humble and stopped in salt at 4,400. The salt depth 
of the German test is even greater than that of this well combined 
with that of a second deep test that was located on the flank. The 
deep flank test encountered salt at 2,342 and continued drilling in 
salt to 5,410 where the test was abandoned. 

Roumanian Salt Domes.—The Roumanian salt domes occur in 
two groups. The first group parallels the Carpathian Mountains and 
is located along the edge of its more pronounced folds and in the 
Sub-Carpathian slopes. The second group lies in the Transylvanian 
Basin within the are of the mountain ranges. The mountain system 
bends to form a semicircle extending from Galicia into central Rou- 
mania. The Carpathians are composed of two erystalline core areas, 
one near the northern end of the system, and the other in the south- 
western part. Between these and especially to the east there is a 
zone of intensely folded Karly Tertiary and Pre-Tertiary sediments. 
Folding has been accompanied by faulting. This is the zone of the 
highest ridges of the Carpathians and is called the Flysch zone. 
From the Galician border southward through Roumania the eastern 
rim of the mountains is bordered by a belt of Miocene strata, which 
show less intense folding. This appears to be a transition zone be- 
tween the highly folded mountain areas and the largely unfolded 
Moldavian plain and plateau areas. 

The Sub-Carpathian zone is characterized by open folds to the 
north. To the south where the trend of the ranges changes from the 
north-south direction to the east-west, the folds become more crowded. 
In the east in the vicinity of the Dambovitza River, the structure 
becomes very complex. 

The salt domes of the outer zone of the Carpathians are largely 
restricted to the Sub-Carpathian area. A few lie along the eastern 
edge of the Flysch zone. The salt domes are large lenticular massifs. 
They are of high purity, but the presence of coloring matter gives 
rise to distinct stratification. Usually this is shown merely by alter- 
nation of light and dark lines or bands, but in some there are beds of 
argillaceous material also. These may contain carbonized debris of 
imees. 

The salt bodies are parts of ‘‘diapir folds’’ or ‘‘outbreaks.’’ The 
diapir fold, according to the definition by Mrazee, is one in which the 
beds of the core tend to pierce the overlying beds of the arch. The 
beds in the core dip more steeply than those in the adjacent sediments. 


SALT CORE STRUCTURES 381 


The outbreak is merely a continuation of the diapir in which the core 
intrudes vertically into the overlying sediments. 

The flanks of domes are usually curved and steep. A large num- 
ber of the domes reach the surface. The outcrops of many of them 
are circular. In others the outline of the core is oval. This is true 
at Gura, Slaniculiu, Moldova, and Oenita. A number have sinuous 


Fie. 117.—Geologie sketch map of Roumania showing location of the Tran- 
sylvanian, Carpathian, and Sub-Carpathian galt domes. After Mrazec, Papp, and 
Béckh, adapted by Barton: A. A. P. G. Bull., Vol. 9, p. 1238, 1925. 


or erescentric outlines. This type includes Targu-Ocna, Moreni, 
Ochiuri, Slanic-Prahova, Oenele, Mari-Valcea, Martiia, Apostolache, 
Podenii, Noi, and others. The last group is by far the most impor- 
tant as their long outcrop lines represent the crests of more or less 
reclined and sometimes recumbent folds. The steeper side of the fold 
is away from the intense folding of the Carpathians. Where com- 
pression has been most intense, downward enlargement of the salt 
cores may not occur. In some the outcrop shows enlargement of the 
width of the salt body. In some cases the salt core has two peaks. 
Circular salt outcrops are frequently found to be small domal 
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areas upon longer salt folds and to bear much the same position to the 
salt mass as the structural dome does to the anticlinal fold. This is 
especially true in the salt domes of Transylvania. At Baicoi-Tintea 
and Cacica-Bucovina the salt cores show peaks that are separated by 
a syncline of highly compressed sedi- 
Baicor mentary material. In the latter the 
sedimentary matter has been completely 
brecciated, the peaks being separated by 
the breccia. In a number of instances 
the breccia, while probably present 
originally, has been entirely obliterated 
except for rock inclusions within the salt 
mass. 

Breccia similar to that found be- 
tween the crests is also found around 
and above the salt mass. It is very evi- 
dently the product of the fracturing of 
the formations through which the salt 
has been pushed. The greater part of 
that found close to the surface is natu- 
rally of comparatively recent age. Eo- 
cene and Oligocene fragments predomi- 
nate in the Flysch area. In the Sub- 
Carpathians the Paleogene-Miocene bree- 

590 ieee spe ago ager Cla 1S most common. Breccia is not 

Fre. 118.—Cross-sections of found in all domes, however. In those 
typical Roumanian oil pools. of the southern Carpathians, such as 
Q, Recent; L, Levantine; D, QOchiuri, Gura, Oecnitei-Moreni-Bana, 
Dacian; P, Pontian; M, Maoe- Baicoj-Tintea, and Floresti, the breccia is 
tian; H, Helvetian; B, Burdig- F ‘ : 
allan) Sale After duseon(e: either entirely lacking or represented by 
L.: A. A. P. G. Bull. Vol. 9, p. @Xtremely small masses. These domes 
152, 1925. occur in areas of Paleocene outerops. 

Fragments of formations older than the 
Tertiary appear in the breecia in some eases, large blocks of Jurassie 
limestones having been reported in several instances. 

Less is known of the domes contained within the Carpathian are 
in the Transylvanian plain. The salt domes of that area intrude rela- 
tively flat-lying Miocene and Pliocene beds. These are moderately 
folded into anticlines and synclines whose axes generally trend north 
and south. The salt domes are circular or elliptical in outline; but 
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as has already been pointed out, they have proved to be domed areas 
along larger long anticlinal folds in some cases. The alignment of 
known salt domes is definitely along structural lines. 

Oil Production of European Salt Structures.—Small amounts of 
oil have been obtained from the Jurassic strata associated with up- 
lifted salt masses in the Hanover district in Germany. Most of the 
wells have been of low yield and have produced a heavy oil of poor 
refining quality. A few have been of the gusher type when com- 
pleted. All of them have declined rapidly. Some gas has been ob- 
tained in Transylvania within the are of the Carpathians. However, 
chief interest in salt core structures as oil producers lies in the pro- 
ductive area south of the westward bending portion of the Carpathian 
Mountains in Roumania. This section has contributed practically all 
of the oi] obtained in that country. The greater part of the oil has 
come from Phocene strata. <A little comes from the Oligocene. 
Some oil is taken from folded areas in which no salt eores are known 
to exist. The most productive areas are associated with outcropping 
salt masses and sections in which salt is found close to the surface. 
The oil is obtained from the highly folded and faulted strata on the 
flanks of the salt masses. 

Isthmuthian Domes of Mexico.—The Salt dome area of Mexico 
lies in the southern portion of the state of Vera Cruz and immediately 
south of the town of Puerto Mexico. Oil production has been ob- 
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Fig. 119.—Map of the Isthmus of Tehuantepec, southern Mexico, showing 
location of salt domes and structural features. After Huntley, Stirling: A. I. 
M. M. BE. Trans., Vol. LXIX, p. 1154, 1923. 
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tained at various times from at least six domes, but operations can 
hardly be considered as having been comparable in success up to the 
present with those in Texas, Louisiana, and Roumania. In the ex- 
ploration of this area a large number of other Gomes have been tested, 
but with little success. 

The salt domes of the area are of two distinct types, quaquaversal 
or cross-axes domes and elongated domes. The latter occur almost 
entirely west of the Coatzacoaleos River. The salt domes are con- 
sidered to be in alignment by some writers, while others consider that 
no alignment can be proved. The oil taken from the salt structures 
has come from above the salt masses and most commonly from the 
dolomitic cap rock overlying the salt bodies. The dolomite appears 
to be extremely porous in some areas. 

The uplift of the salt masses has evidently been of great extent. 
Massive Cretaceous limestones are frequently found at the surface 
surrounded by recent Tertiary sediments. In one dome near China- 
meca known as Tonalapa, highly folded Triassic beds emerge from 
the Tertiary. In this area a test well entered the salt body a short 
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Fie. 120.—North-south section along line C-D of Fig. 119 through the salt 
dome area of the Isthmus of Tehuantepec. After Huntley, Stirling: A. I. M. M. 
H. Trans., Vol. UXIX, p. 1156, 1923. 


distance from the surface. The Triassic matter appears to have been 
elevated about 6,000 feet. No Cretaceous lime was found at the sur- 
face in this area. Fossils and remnants of beds normally found at 
great depths were found in the Triassic-Tertiary contact zone indicat- 
ing that brecciation of the material below the Tertiary had probably 
taken place. With the exception of the case mentioned there is no 
record of the drill penetrating the Lower Cretaceous limestone, which 
is So productive in the Tampico-Tuxpam Field. Practically all of the 
wells have stopped before reaching 3,500 feet. One at Filasola went 
to nearly 4,000 feet. 

Salt Domes of the Interior Gulf Coast Plain—The salt domes of 
Texas and Louisiana are roughly divided into two groups, the interior 
domes and the coastal domes. In the first group 17 domes are known. 
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Six of these lie along the axis of the geosyncline, which is formed in 
eastern Texas by the Sabine uplift on the east and the Paleozoic rock 
areas on the west. The others are in Louisiana and lie east of the 
Sabine uplift. In contrast to the domes of the southern portions of 
Texas and Louisiana, which are commonly productive of oil, only one 
of the interior domes is known to contain oil in substantial amounts. 
This is the Boggy Creek dome in Cherokee County, Texas. The dis- 
eovery of oil was made in 1927. 
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A. Vacherie Salt Dome. 
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B. Arcadia Salt Dome. 


Fig. 121.—Cross-seetions of the Vacherie and the Areadia salt domes, northern 
Louisiana. After Spooner, W. C.: A. A. P. G. Bull., Vol. 10, pp. 228 and 245, 
1926. 


The intericr salt domes have been found mainly through their 
surface manifestations; such as, saline prairies and licks, small saline 
lakes, saline springs or water wells, circular drainage systems around 
a central hill or hills containing a central prairie or lake, exposures of 
tilted rocks and inliers of older rocks, exposure of cap rocks, and 
abnormal soils. In some cases they have been identified by shallow 
drill holes striking old formations, cap rock, or even salt masses. 

The interior salt domes are largely of the cylindrical plug type. 
No elongated domes are known. They vary in diameter from three- 
fourths of a mile to one and one-half miles. The salt bodies do not 
show very much increase in diameter with depth, wells off to the sides 
of the domes not finding salt in some cases though drilled to depths of 
more than 3,000 feet. Many of the salt domes of the interior have 
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risen to within a few hundred feet of the surface. The surface of the 
salt in domes reached at shallow depths is horizontal and appears to 
have been eroded. The number of shallow depressions found above 
salt domes tends to indicate that solution of considerable quantities of 
salt has taken place in some eases. 

The salt is a very pure sodium chloride but is streaked with color 
bandings. These are contorted and twisted so that they resemble the 
bandings of schists. Analyses of the salts show that the black or dark 
bands contain substantial amounts of calcium sulphate. While this 
may be the cause of the color, it may also be considered as due to 
interbedded organic and clay matter. Cap rocks are present above 
most of the salt masses. They are generally shells from a few feet in 
thickness up to 50 feet. At Winnfield, Louisiana, the cap rock is ex- 
posed and is apparently nearly a thousand feet in thickness. The 
cap rocks in some cases appear to be interfingered with sedimentary 
beds. The usual cap-rock material of the interior domes is limestone, 
but anhydrite and gypsum are prominent in some cases. 

The thickness of the salt cores is not known, but a test at Arcadia 
stopped in salt at a depth of 4,012 feet. There seems to be sufficient 
evidence to indicate that the salt bodies extend down to a level under- 
lying the Lower Cretaceous beds and that the uplift associated with 
the salt cores in this area affects beds of Lower Cretaceous, Upper 
Cretaceous, and Tertiary ages. This is indicated by the drilling into 
uplifted Lower Cretaceous sediments on the flanks of the domes and 
the identification of Lower Cretaceous fossils in conglomeratic matter 
in the eap rock portion of the domes. 

Gulf Coast Domes.—In several of the salt domes of southern 
Louisiana the salt lies within a few feet of the surface. The shallow- 
est depth at which salt has been found in Texas is at 400 feet. This 
oceurs at Blue Ridge. In Goose Creek, Edgerly, and Orange the 
salt has not been reached in drilling. Yet in Edgerly oil is obtained 
below 3,000 feet; at Goose Creek, at 4,200; and at Orange, below 
5,000. These areas are commonly grouped with the salt dome types 
because of the similarity of the outlines of the producing areas with 
those of pools where salt cores are known. At Saratoga cap rock was 
encountered at about 1,500 feet; but, although other wells have gone 
down to 2,200 feet and have drilled through about 300 feet of cap 
rock, the salt core does not appear to have been reached. 

The domes of the Gulf Coast area vary in diameter from half a 


mile to two miles. The outlines are either definitely circular or have 
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the forms of very broad ellipses. The sides are nearly vertical and 
the tops are in most cases flat. Like the salt of the interior domes, 
the salt is largely a pure sodium chloride. It contains dark to black 


on 


v Oil Field,butnot Demonstrated Satt Dome. 
* Gas Field,not known to be a Salt Dome- 


KEY TO SALT DOMES AND OIL AND GAS FIELDS 
AB, Anse la Butte Ch, Chapefio_ So, Saratoga 
C, 2 a vis Hi , Kings _ SL, Sour Lake 
AI, Avery Island _ ‘ 5 SLD, South Liberty Dayton 
B, Brooks ly ‘Sp, Spindleto 
Ba, Batson : i N, Nash SR, Stratton Ridge 
BB, Bayou Boullion . Fan ND, North Dayton Su,’ Sulphur 
BC, Big Creck &, i NI, New Iberia SV Sal Vieja 
8 3 V, Vinton 
BH, Barbers Hill Ge, Goose Creek. i : 

, Bi jefferson a P, Palangan: we, 
BHM, Big Hill Matagorda cane Wa. 
Bhn, Brenham AGF, Houma Gas Field 
BH, Bryan Heights HI, High Island P}, Pierce Junction 
BI, Belle Isle HIM, Hoskins Mound ie Prices 
BR, Blue Ridge Hu, Hull PP, Piedras Pintas 
Bu, Bisteneau Hy, Hockley Rn, Rayburn 
CB, Cote Blanche 1, Jefferson Island Ro’ Refugio pas well 
CC; Cedar Creek K, Kleberg (Kingsville) Gas Field 5, Steens Saline 


10) 100 MILES 
Sr 
—— 

150 KM 


Fig. 122.—Sketch geologic map of Texas and Louisiana, showing location of 
the salt, domes and the non-salt dome oil and gas pools cf the Gulf Coast. Adapted 
from) Barton, Do C.; “AAP. Gy Bulls Vols 9. Last 925. 


streaks. In one instance the salt has been shown to contain potash. 
This was found in a core taken by the Ryeade Oil Corporation in its 
Number 1 Gray at Markham.'| The same test showed the presence 
of algae. 


The cap rock consists of a thimble or dise-like body of limestone. 


i De Golyer, H.; A, A, P. G. Bull., Vol. 9, p. 349, 1919. 
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gypsum, or anhydrite. The cap rock extends down the flanks as a 
thin band in most cases. Generally the crystallized anhydrite com- 
poses the bulk of the cap. The limestone is usually limited to a thin 
layer above the main gypsum-anhydrite layer. The thickness of the 
cap rock as a whcele varies from practically nothing to more than 
1,000 feet. An average of 300 to 400 feet is usual. The eap rock of 
many domes shows appreciable amounts of sulphur. In a few eases 
the sulphur is present in sufficient quantities to make its commercial 
exploitation possible. 

The area in which the Gulf Coast domes lie is largely covered by 
Recent and Pleistocene deposits. The salt domes are known to cut 
all of the Tertiary beds above the Claiborne group of Eocene age. 
The total depth of Tertiary beds is not definitely known. While their 
close relationship to the interior domes would indicate that the salt 
has a source below the Cretaceous and penetrates beds of that age, 
this has not been proved. The test of the Texas Company at Humble 
indicated that the salt must have come from a depth of more than 
5,400 feet. 

The salt domes of Roumania lie in areas of intense tectonic ac- 
tivity. Those of Germany show less marked but nevertheless definite 
evidences of compressional folding. In the Isthmuthian area of Mex- 
ico the same relationship between lines of folding and the alignment 
of the salt masses is believed to exist. In the Gulf area such rela- 
tionships, if present, are not clearly indicated. The interior domes 
are close to areas in which major uplifts have occurred. Of these the 
Sabine uplift and the uplift of the Paleozoic rocks west of the Bal- 
cones fault zone have been of major importance. The salt domes of 
the coast lie in a belt in which the strata are practically horizontal 
except for the narrow belts surrounding the salt cores. 

Oil in the Gulf Coast Domes.—The oil associated with the salt 
domes of southern Texas and Louisiana is found in three distinet see- 
tions: above the cap rock, in the cap rock, and in sands extending off 
to the sides or flanks of the domes themselves. Cap rock production 
is not of great importance in most domes but was the major source 
of oil in Sourlake and Batson and in the early development of Hum- 
ble and Spindletop. Where the cap rock is found to yield oil, accu- 
mulation has occurred in a highly porous portion of the limestone cap. 
Gusher wells of large initial yield are prominent in such cases. The 
cap rock in some places is filled with hot sulphur water and in others 
proves to be dense and entirely dry. The production at Saratoga has 
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come almost entirely from gently folded and apparently somewhat 
lenticular sands overlying the eap rock. The production of Goose 
Creek and Orange must, if they are ultimately proved to have salt 
cores, be considered as coming from similar beds above the cap rock. 
The deep production of Humble, Damon Mound, Hull, and the more 
recent developments at Spindletop have come from horizons on the 
flanks of the salt cores. Flank production comes from highly tilted 
sediments, some being nearly vertical in position. 


TABLE 59.—TABLE OF SOME CHARACTERISTICS OF THE MorE IMPORTANT PRODUCING 
STRUCTURES OF SOUTHERN TEXAS AND LOUISIANA. 


‘ Relation of producing horizons to salt mass. 
Date of first | Yield to close 
Pool. commercial of 1927 in 


ae ae eieued cet Cap rock. Lateral sands. 
BavsOnermerr ese 1903 33,775,000 > x Minor 
Barber’s Hill... .. 1918 1,117,000 x x 
Big Creek... ....:. 1923 2,391,000 x 
Blue. Rice serra 1918 3,633,000 Minor x 
Bolin ge ete 1925 1,922,000 x 
Damon Mound .. 1918 6,946,000 x 
ice erl yaar cielo 1914 7,021,000 No salt or cap discovered. 
Goose Creek..... 1912 61,705,000 No salt or cap discovered. 
EL Lerner ee ete cic 1918 56,890,000 
uma lene ane 1905 99,424,000 x x Xx 
Jennine saa 1902 43,655,000 x 
ockporbemeree es: 1924 3,607,000 x 
Oraneeren acer 1912 26,411,000 No salt or cap discovered. 
Pierce Junction .. 1921 7,345,000 Se 
arato caesar 1904 24,804,000 Xx 
pourlakesn. eeaer 1902 71,122,000 NA »< x 
South Liberty.... 1925 7,820,000 x 
Spindletop....... 1901 87,735,000 Shows x * 
Nima DOT emer acy: 1910 29,487,000 x 
West Columbia . 1918 65,691,000 Shows x 


* From U. 8. Geological Survey and The Oil Weekly. 

Theoretical Problems Connected with Salt Domes.—It will be 
readily seen that any theory which can successfully and adequately 
explain the form and origin of salt domes will aid materially in the 
search for them and in the investigation of their value as containers 
of oil and gas. The problems involved in the solution may be di- 
vided into three major types. 

1. The question of the ultimate source of the salt. 

2. The determination of the causes and manner of uplift. 

3. The problem of the origin of the cap rock. 

26 
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The three problems have many subdivisions. At the same time 
they are so intimately associated with one another that the solution 
of one cannot be made without reference to the other two. 

Source of the Salt.—Many of the early writers on the subject of 
American domes considered the uplifts to be of igneous character, and 
therefore concluded that the salt and associated gypsum and lme- 
stone were moved upward through vents extending from below the 
outer shell of the earth’s crust. More recent investigations have 
practically all postulated a source within the crustal portion of the 
earth. Further agreement concerning depth and geologic age of the 
salt is not general among geologists except with regard to the age of 
the salt in the German domes. 


ROCK SALT CORE 


#000 


ig. 124.—Hast-west section through the Spindletep salt dome, showing re- 
lation of cap rock and flank production to salt core. After Barton, D. ‘C., and 
Paxson, R. B.: A. A. P. G. Bull., Vol. 9, p. 600, 1925. 


In Germany the close relationship between the bedded salts, the 
anticlinal salt domes, and the salt stocks, leaves no question concern- 
ing the identity of their origin and therefore of the age of the salt 
contained. The conformity and interbedding of the salt with Per- 
mian beds definitely places them in that age. 

In Roumania the salt is commonly considered to have originated 
in the Eocene-Oligocene or in the Early Miocene. I. P. Voitesti, 
however, considers that the salt must have come from a much greater 
depth than this. He believes that the salt masses penetrate all of the 


1Geology of the Salt Domes of the Carpathian Region of Roumania, A. A. 
P. G. Bull., Vol. 9, pp. 1165-1206, 1925. 


SALT CORE STRUCTURES 393 


PD Me NE/L SUR 


sesssnese poagermessensnemenswursenten 


| 2410 ISUBDY 


yes 
WHEELWRIGHT SUBDIVISION 


=) 
Ss 
<<) 
< 
rs 
S 
© 


sot CONTOUR ON ToP OF SALT 
———_ ConTouR On BASE OF Lime 


SUBSURFACE STRUCTURE 
DAMON MOUND 


ty 
ei 
y Na 


SECTION A-B 


Fig. 125.—Subsurface structure and cross-section of the Damon Mound salt 
dome, showing position of producing wells on the flanks of the salt core. After 
Bevier, G. M,: A. A. P. G. Bull., Vol. 9, p. 524, 1925. 
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Mesozoic and Tertiary formations of the Carpathian, Sub-Carpathian, 
and Transylvanian areas and considers that the salt must have been 
introduced from a point below the Jurassic. Finally he suggests the 
use of a Pre-Cambrian source. 

The chief evidence supporting the view of the intrusion of the 
salt from below the Mesozoic is the existence of brecciated material 
of Pre-Tertiary character above the salt masses. Some of this is 
considered to be of Jurassic age. This must be admitted as evidence 
in favor of the origin of the salt in rocks of periods previous to the 
Mesozoic. It does not support the Pre-Cambrian hypothesis any more 
than it would a hypothesis of origin in the Paleozoic. Against the 
hypothesis is the lack of knowledge of suitable conditions for salt 
deposition in the periods prior to the Miocene. On the other hand, 
the Miocene is known to contain only the highly domed and contorted 
salt masses. No bedded salts such as those of Germany have been 
identified. W. A. J. M. Van Watersechoot Van der Gracht? points 
out the possibility of squeezing of the entire body of bedded salts into 
domes and contorted bodies under the extreme pressure and stresses 
of Carpathian movements. Lastly, the large extent and intensity of 
overthrust faulting leads to the suggestion that, while the salt may 
have intruded Mesozoic sediments from below, the position of those 
sediments may be abnormal and not indicative of the original exist- 
ence of salt below them. The solution of the age problem must be 
determined later by deeper drilling. The importance of the age in 
Roumania cannot be overestimated. If an origin below the Miocene 
is proved, the thickness of sediments having structural possibilities of 
containing commercial quantities of oil is greatly increased. 

Less is known about the salt areas of southern Mexico than about 
any of the other areas discussed. The region is one of comparatively 
regular folding. It bears no resemblance to the highly contorted, 
overturn folded, and thrust faulted area of Roumania. The salt is 
surrounded by Tertiary rocks. Massive Cretaceous limestones have 
been pushed through to the surface in a number of places, and in one 
there is a pateh of Triassic material over the salt. The Triassic 
should normally le at least 6,000 feet below the surface. As there 
is no evidence of extreme overthrusting, it would seem that the salt 
must be definitely considered as having come from below the Tri- 
assic and having been uplifted more than 6,000 feet. There is no evi- 
dence to indicate that the salt source ean be referred to the Permian 
or to any other individual period as yet. 


1A, A, P, G, Bull, Vol. 9, pp. 1206-1209, 
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While there may be slight differences in the age of the uplifts in 
different areas in southern United States, there is no evidence to indi- 
cate that there is any difference in the source from which the coastal 
and the interior domes came. While the sediments known to be 
penetrated by the coastal salt reach only to the Eocene, the identifica- 
tion of the uplifted Lower Cretaceous beds on the flanks and con- 
glomeratic matter on the cap rock in the interior domes would indicate 
that the salt in both must be conceived as either of Lower Cretaceous 
age or older. The possibility of a Lower Cretaceous source is sup- 
ported by fragmentary evidence only. The absence of intense struc- 
tural disturbances in the known Lower Cretaceous of the Gulf area 
leads to questioning the probability of this source. There is no defi- 
nite knowledge of the existence of Jurassic and Triassic rocks in the 
area. The Paleozoic underlying mass is similarly unknown although 
its existence is firmly believed in by many. 

The most important item is the knowledge that the salt is at least 
as old as the Lower Cretaceous. The absence of overthrust faulting 
definitely permits this statement. The thickness of sediments in the 
area close to the coast, assuming that the Lower Cretaceous is the 
source, 1s greater than the depths penetrated by drills up to the pres- 
ent and permits a considerable amount of further deep drilling. 

Mechanics of Uplift.—Discussions of the origin of the salt masses 
have been going on simultaneously in the three areas in which the salt 
masses are of greatest importance: Germany, Roumania, and the 
United States. The differences in conditions under which the salt was 
found led naturally to differences in the nature of the explanations 
developed. Where crustal movements were as marked as in Germany 
and Roumania, compressive forces were given first importance. 
Where the salt occurred in practically flat areas as in the United 
States, theories depending upon direct uplift from below were logi- 
cally developed. 

Probably the greatest distinction between theories is in the ques- 
tion of the form of the salt during the period of its intrusion into the 
overlying sediments. European authorities from the beginning con- 
sidered the salt as having been forced into its present condition in a 
plastic condition. Until 1916 practically all explanations of the 
American domes made use of water as a carrying agency. At present 
the tendency appears largely to support the idea of plastic injection. 

Probably no problem in recent geology, and certainly no problem 
in petroleum geology, has been the subject of so much discussion as 
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that of the origin of salt domes. The discussion of all of the theories 
advanced to explain the occurrence of salt domes in the Gulf Coast 
area alone would be beyond the possibilities of this volume. Two 
general ideas have been outstanding in the development of the deposi- 
tion from solution theories: one, that salt domes are a typé of igneous 
phenomena; and the other, that they have been formed by circulating 
artesian waters. 

Hager’s Igneous Intrusion Theory—The first was supported by 
a number of geologists who were particularly acquainted with the 
early development of the area. Of the various statements made by 
these men, the hypothesis proposed by Lee Hager was probably the 
best.1 It received wide support. The theory as outlined by him 
follows: 


‘The movement which resulted in the great Balcones fault, or a 
similar movement in Later Tertiary times, extended to the rock-sheets 
below the present Coastal Plain, accompanied by igneous activity as 
in the vicinity of the fault itself. Block faults resulted, thrust up by 
the intrusive masses of igneous material in the form of laccoliths at 
great depths. Owing to the nature of the Tertiary deposits, yielding 
clays, marls and quicksands, the faulting proper was confined to the 
deep lying, indurated Lower Cretaceous and Carboniferous rocks. 
In the unconsolidated materials of the overlying Tertiary and Upper 
Cretaceous a dome-like structure resulted, due to the vertical thrust 
of the fault blocks pushed up by the intrusive masses in the form of 
laecoliths. 

““By contact with the molten intrusives, vast quantities of gas 
were generated from the reduction of metallic sulphides and the 
distillation of ignites and organie substances. These gases, accom- 
panied by steam under tremendous pressure, forced their way to the 
surface through unconsolidated sands and clays of the overlying Ter- 
tiary material, perhaps giving rise to mud voleanoes, such as occur in 
many of the world’s great oil fields at the present day. Heated water 
from great depths found vent along the same channels, carrying in 
solution carbonates of lime and magnesium and salt. By ebullition 
and evaporation these solutions became concentrated until saturation 
resulting, precipitation commenced forming the neck-like masses of 
salt, gypsum and dolomite now encountered. With the cooling of the 
intrusive masses and the choking of the vents, the process practically 


1 The Mounds of the Southern Oil Fields, E. & M. J., Vol. 78, pp. 137-139, 
180-183, 1904. 
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ceased. A period of subsidence during which the Coastal Quaternary 
beds, which at present cap the mounds, were laid down, followed by a 
secondary movement along the old lines of weakness, resulting in the 
present elevation of the mounds above the surrounding prairie.”’ 


Fic. 126.—Diagram showing assumed cross-section of a typical salt dome, 
according to the igneous intrusion theory. After Hager, Lee: Engineering and 
Mining Journal, Vol. 78, p. 138, 1904. Ba) 


Hager, in advancing the theory, pointed out the weakness of the 
hypothesis because of the assumption of the existence of deep-seated 
intrusives in the area. The only immediate support for this lies in 
the existence of igneous rock masses in the vicinity of Austin, Texas, 
a point considerably west of the salt dome area. A more distant re- 
flection has been suggested in the more abundant igneous intrusions 
of eastern Mexico. 

Crystal Growth Theory.—The stumbling block to wide acceptance 
of Hager’s theory or to others developed along parallel lines rested 
primarily in the absence of the igneous masses suggested. G. D. 
Harris + in 1907 and succeeding years formulated the artesian water 
circulation theory, which was until recently the most generally ac- 
cepted theory of the origin of the salt domes of the southern states. 
It is frequently known as the theory of growing crystals since the 
doming of the sediments was considered to have resulted from the 
force exerted by the precipitation of salts from solution. 

According to the theory, waters entered pervious layers of out- 
cropping formations north of the salt dome areas. They descended 

1Rock Salt, Geological Survey of Louisiana, Bull. No. 7, Report of 1907; 
and The Geological Occurrence of Rock Salt in Louisiana and Texas, Economic 
Geology, Vol. 4, pp. 12-34, 1909. 
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to great depths in the vicinity of the Gulf Coast. Their temperature 
was raised accordingly ; and they took into solution many salts, espe- 
cially sodium chloride. As they crossed lines of weakness, they 
tended to move upward toward the surface. Ascending under the 
push of hydrostatic pressure, the waters tended to cool at the rate of 
1° C. to every 90 feet of ascent. As the temperature dropped, the 
saturated water was compelled to give up part of its dissolved salt. 

With the precipitation came crystallization of the salt. The power 
of growing erystals, according to G. D. Harris, is of the same order 
of magnitude as their crushing strengths. This he considered from 
tests made upon a four-inch cube to be at least 50,000 pounds and 
concluded that growing crystals could lift up 3,000 or 3,000 feet or 
even greater thicknesses of incoherent Quaternary clays and sands. 
The description of the formation of the salt core as given by Harris * 
is as follows: 


‘‘At first the salt core would be a slender pencil-like cone. By 
rapid growth at the base, the apical angle would become greater and 
greater. The exact shape of the base of the cone would depend on 
many things, among which would be the comparative thermal con- 
ductivity of the salt core and the surrounding and subjacent mate- 
rials. Crystals formed at the base of the core would give the whole 
mass an upward movement like a pelelith. The apex would be above 
the isogeotherms where salt deposition is possible; and being of very 
limited lateral dimensions, it would soon be dissolved by circulating 
underground fresh waters. However, the compacting slickensiding 
of the deposits about the lower main part of the core would tend to 
debar the close appearance of the fresh waters and yet leave a suture 
line for the ascension of the brine. So long as the supply of salt 
water lasted the salt core would continue to grow and rise. But 
movements along the various fault lines already depicted might at 
any time shut off the supply of brine. Other solutions might be 
foreed through the channels formerly conducting salt water. We 
note in the domes, next in importance to rock salt, gypsum, limestone, 
dolomite, indurated calcareous and siliceous lenses of various shapes 
and dimensions. Sulphur, even, alternates with gypsum layers. 

‘In an ordinary salt dome there should be growth not only at the 
bottom but also on the sides. The ascending saline solutions would 
vary somewhat as sight movements took place in the deep-lying beds 


1 Keon. Geol., Vol. 4, pp. 23-25, 
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below and northward from any dome-forming area. These variations 
would be apparent in the salt as nearly vertical streaks or layers when 
the mass is exposed in the huge chambers of salt mines. These streaks, 
then, may be regarded as of exogeneous growth rather than bedding 
planes highly inclined.’’ 


The wide acceptance of the salt crystal growth theory of Harris 
may have been partly due to the lack of a substitute for it. Certainly 
within the last few years since the development of the plastic intru- 
sion theories, it has been the object of intense criticism. The objec- 
tions to the theory are largely quantitative. The first is the extreme 
size of the salt masses themselves. Widths up to a mile and a half 
and depths of more than five thousand feet are now known. The cir- 
culation of brine necessary for such a deposit must have been con- 
tinuous over a long period of time. There is no evidence of such 
circulation having taken place. Secondly, the force attributed to 
growing crystals has not been proved to be operative on so large a 
scale as is called for. 

Plastic Flow Theory.—The third theory and the one now most 
generally accepted even in the United States is that of plastic flow. 
The exact cause of the flow is open to discussion but is generally 
attributed to some form of pressure. The salt masses are, according 
to this theory, to be considered solely as extreme types of folds in 
incompetent strata. The degree of thickening of the salt beds must 
be considered as a direct reflection of the intensity of the forces 
applied. The form of the resulting dome whether ridge-like or qua- 
quaversal must, like the form of the ordinary anticline, be determined 
by the conditions in the shear zones and competent beds and by the 
direction of the application of the pressure. In other words, the out- 
lines of the salt masses in any particular area are a direct reflection of 
the tectonie conditions of that area. The form normal to one area is 
not necessarily found in the other. Within the one section resulting 
forms may differ because of differences in the manner in which the 
different forces have been applied. 

Broadly considered, the movement of the salt must be due to 
either isostatic or orogenic conditions. Uplift because of isostatic 
differences implies that the salt has been squeezed upward through 
lines of weakness due to the greater density of the overlying sedi- 
ments. The specifie gravity of salt is about 2.15. The density of 
loose surface beds is between 1.4 and 1.8 in the Gulf area. The av- 


400 GEOLOGY OF PETROLEUM AND NATURAL GAS 


erage density of the minerals composing the rocks and soils is about 
9.6. While it is apparent that the specific gravity of a deeply buried 
sediment increases materially with compacting and tends to approach 
the average of its component minerals, there is no reason to believe 
that the weight of a column of such sediments will be materially 
ereater than that of a similar column of salt. It does not appear that 
the force suggested is adequate to overcome friction, which would tend 
to prevent movement within the salt mass and along the contact be- 
tween the salt and the adjacent sediments. Where unfractured sedi- 
ments rest on top of the salt mass in domal arrangement, their dead 
weight must also be considered as a neutralizing agency. The use of 
the isostatic idea alone seems to have but little support at the present 
time. 

Orogenic forces are generally considered as resulting in direct 
lateral thrusts. Where the axial lines of the salt dome ridges are as 
closely related to the adjacent mountain ridges as they are in the 
outer are of the Carpathians, there is no reason to doubt the applica- 
tion of lateral thrust. The intensity of the overthrusts that accom- 
panied this mountain building lends further support to this view. 
Similarly there is close relationship indicated by the alignment of the 
axes of the salt dome ridges of the Magdeburg-Halberstadt Basin 
with the folds of the adjacent old mountain masses. In some eases 
the axes of the domes show evidence of folding movements from two 
directions, that is, Heroynian or Saxon folding, and Rhenish folding. 
The circular form of dome is more common in the domes of the North 
German plain than it is toward the mountain areas and sections of 
most intense folds. 

Many Mexican domes are elongated in a direction parallel to the 
folding in that area. There were apparently two systems of folding 
in southern Mexico that were nearly at right angles to each other and 
have caused the development of cross-axial or quaquaversal domes. 

In the salt dome areas of Texas and Louisiana, there is evidence 
of some alignment of domes. The lines are not distinct in the inte- 
rior areas except possibly in northeastern Texas where the alignment 
seems to be parallel to the strike of the Balcones fault system. In the 
southeastern portion of Texas there is a very definite tendency for 
the domes to lie in lines running NNE to SSW bending somewhat to 
the southwest at their southern extremities. In southwestern Texas 
the domes lie along a NNW-SSE line. In southern Louisiana there 
is a NW-SE line and also a well-marked east and west line of domes. 
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The Gulf domes, in all of the cases where the drill has penetrated 
sufficiently to outline the form, show a marked cireular form. This 
is to be expected if the domes are the result of lateral compression 
from different directions at right angles to each other. Tlowever, the 
strata of the Gulf area show no evidence of such compression. The 
salt outlines are as a matter of fact more regular than those in other 
areas in which cross-folding has taken place. The application of the 
theory of lateral compression to the uplift of the salt in this area is 
difficult to understand. Certainly the normal faults, which character- 
ize the Balcones and adjacent fault zones and probably accompanied 
the Sabine and related uplifts, were not accompanied by extreme com- 
pressive action. 

Unless reliance be placed upon the voleanic or the growing salt 
erystal theories, the postulation of a different type of compressive 
force than that of Roumania, the Magdeburg-Halberstadt Basin of 
Germany, and even the Isthmuthian area of Mexico, seems imperative. 
If the plastic flow theory is to be retained, the difference in result 
must be considered as due to conditions in the underlying basement 
rocks and to appleation of the forces to those rather than the over- 
lying rocks. The author feels that the force acting upon the salt beds 
and inducing their upward movement will prove to be a combination 
of isostatic pressures tending to cause lateral flowage toward areas 
of lower pressure, plus movement within the deeply buried competent 
beds and within the shear zone along old lines of weakness. Discus- 
sion of these points is wholly without means of proof at the present 
time and hardly within the scope of this text. 

Period of Folding and Uplift in Gulf Area.—The actual age of 
the development of the salt domes is indicated as being comparatively 
recent in the Gulf area. In any case they must be considered as re- 
cent as the Quaternary beds, which they pierce. HE. De Golyer?* sug- 
gests that the movement of the salt has been intermittent rather than 
continuous and states that there is some evidence that younger and 
smaller salt cores have sprung from older domes in which equilibrium 
had been established. The progress upward he conceives as having 
been retarded from time to time by particularly resistant strata. 

The youth of the strata penetrated in the other salt dome areas 
discussed suggests that they are also of comparatively recent develop- 
ment. 


1A, A. P. G. Bull, Vol. 9, p. 866, 1925. 
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Salt Dome Cap Rocks.—The variations in the character of the 
material forming cap rocks, together with the absence of such matter 
in some domes and great thicknesses in others, make it a point of 
speculation. The theories of explanation of the origin of cap rocks 
may be considered as of four types: 


1. The cap rock is residual—a remnant left behind after solution 


of the salt. i. 
2 Tt is an unaltered sediment pushed up ahead of the rising salt 


core. 

3 It is a sediment that has been pushed up ahead of the rising 
core, which has been altered by circulating waters. 

4. It is a secondary deposit resulting from reactions in vadose 
waters and saline waters adjacent to the salt masses. 


The first of the theories was developed largely as a result of studies 
in German salt domes. These salt masses contain large amounts of 
anhydrite intimately associated with the salt. The anhydrite may be 
traced as beds in the salt. Anhydrite caps above the German salt 
cores are extremely irregular in thickness and extend for some dis- 
tance down the sides. They are of irregular texture also. 

The absence of anhydrite and gypsum in the salt is commonly 
suggested as against the application of the theory of a residual eap 
to the Gulf Coast domes. While it is generally considered that the 
anhydrite content is small and the amount of leaching required to 
produce the great thicknesses of anhydrite known in some domes 
prohibitive, there is little definite knowledge about the occurrence of 
anhydrite in the salt mass itself. Thicknesses of 1,000 feet of cap 
rock reported in several American domes indicate a degree of leaching 
which seems improbable. While in some places the high porosity of 
the upper surface of the cap warrants the suggestion of leaching, 
most American caps are dense. The general absence of cap rock on 
the sides of the domes is diffieult to explain by this theory as those 
areas are the most logical ones for the circulating waters to reach 
after the tops have been covered by dense anhydrite. 

While the theory of residual origin is not entirely satisfactory, 
such origin must be considered as having contributed to the formation 
of the caps of American domes. The occurrence of surface depres- 
sions with saline waters above a number of salt domes is direct evi- 
dence that such solution is going on today. If the intermittent de- 
velopment of domes be admitted, the possibility of intermittent 
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leaching during different stages in their development must also be 
recognized. Such leaching may have been caused by deep waters or 
have been the result of infiltration of surface waters at different 
stages. The extreme thinness and absence of cap rock on the sides 
may indicate that the cap material, which was formed there, has been 
left behind in movements of later date. The absence of openings may 
similarly be attributed to settling and compression during such 
uplifts. 

The theory that the anhydrite and the limestone above it are up- 
thrust masses of original sedimentary rocks has been developed to 
explain conditions in the United States. The idea of the cap as the 
‘“mass de resistance’’ pushed up by the salt below seems to have ap- 
pealed to many. The shearing tendency of such material is consid- 
ered as in keeping with the steep sides of the cap rock above the 
coastal domes. Further support is considered by some to be given by 
the lack of definiteness of the contact between salt and cap rock indi- 
cated by many logs. 

Again the great thickness of the anhydrite must be raised as an 
objection to the sedimentary origin idea. It is true that thicknesses 
even greater than 1,000 feet have been measured in Permian an- 
hydrite-gypsum beds. However, it would seem probable that the 
anhydrite mass, if pushed up through such thicknesses as appear to 
have been penetrated, would have been subject to shearing and thin- 
ning in the same way as the sediments that were displaced. This 
objection may be met in some eases by the suggestion that the salt 
uplift occurred at the same time as deposition was going on above on 
the surface and that the weight actually overlying the cap rock was 
not extreme at any time. 

Some have considered the eap rock as the product of the alteration 
of sedimentary rocks that were being forced upward by the waters 
and other substances they met. This type of origin usually postulates 
an original cap of limestone and calls for the alteration of that lme- 
stone into anhydrite and gypsum through the agency of sulphuretted 
waters. Closely allied to this are the several theories that attempt to 
explain the presence of sulphur in the cap rocks of some of the domes 
by the action of carbonaceous matter upon sulphur-containing com- 
pounds, particularly the calcium sulphates. That some reactions of 
this nature have taken place can hardly be doubted. Those which 
might yield sulphur under the conditions existing in such areas as the 
Gulf Coast are not clearly understood. Those which attempt to ex- 
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plain the origin of anhydrite by alteration of limestone are subject to 
the objection that the existence of sulphuretted waters to the amount 
necessary is unproved. There is some question as to the possibility 
of the chemical reaction, upon which the theory is based, occurring 
under the conditions existing in the area. 

The last of the theories considers the cap rock to be strictly a 
secondary deposit, a product formed by precipitation from solution. 
The cause of precipitation may vary. In some instances it may be 
considered as being due to reactions between the waters containing 
the cap rock materials and waters of a different origin. In others it 
may be due to change in temperature. It is possible to consider the 
cap as a deposit produced by replacement of less soluble material in 
the solution by more soluble material taken up from the salt core 
itself. The theory has much to recommend it. However, it has been 
noted that waters in the Gulf Coast area are generally low in sul- 
phates. The clear-cut limits of the cap rock masses and the absence 
of such matter along the flanks of the salt cores and in the rocks ad- 
jacent to the salt domes of the Gulf Coast area tend to discredit the 
theory. 

The theories of secondary deposition of cap rock material were 
naturally essential parts of the theories that attempted to explain the 
origin of the domes themselves by solutional activity. Those which 
utilized original sedimentary beds were allied to the theories of plastic 
injection of the salt. Even with the marked ascendency of the plastic 
flow theories, it is not possible entirely to abandon the theories that 
call for secondary deposition of cap rock material. The gypsum may 
be considered as an alteration product of anhydrite in most eases. 
Whether the same can be said of the sulphur and the calcite is open to 
question. The large number of the factors that may have had some 
bearing upon the result makes it impossible to make any generaliza- 
tions at this time. 

Conclusions.—Despite the extreme importance of the porous 
rocks associated with salt cores as sources of oil and the large amount 
of consideration given to the origin of such bodies, our knowledge of 
the conditions that have caused their development is extremely lim- 
ited. It is not possible to make absolute statements about the origin 
of cap rocks even in Germany where such bodies have been penetrated 
by mine shafts. In Roumania, while the close relationship between 
dynamic movements and the development of salt cores is evident, there 
is no general agreement concerning the age and depth of the original 
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source horizons. Despite the general acceptance of the theory of 
plastic flow as the explanation of the origin of the salt domes of the 
Gulf Coast plains, much remains that is difficult to reconcile with ob- 
served conditions. Depths of more than 5,000 feet have been reached 
by the drill in a number of places without indication of change in 
conditions from those observed at shallow depths. The absence of 
definite structural lines and the lack of knowledge of the character of 
the source beds and the underlying basement rocks make the study 
most. difficult. 

Despite the lack of knowledge of the origin of the domes them- 
selves, their importance in causing the accumulation of oil and gas is 
fully recognized. The search for the surface phenomena that indicate 
their presence has added materially to the number of producing areas 
in the Coastal States, in Roumania, and in southern Mexico. In 
Texas and Louisiana, the presence of deeply buried domes has been 
indicated by geophysical methods of exploration whose use depended 
upon the differences between the physical properties of the domal 
material and the surrounding sediments. 


SELECTED BIBLIOGRAPHY ON SALT CORE STRUCTURES 
WITH PARTICULAR REFERENCE TO THOSE OF 
TEXAS AND LOUISIANA. 


The literature on salt dome structures is most voluminous both in the United 
States and in Europe. The American reader is naturally most interested in those 
discussions which deal with conditions in southern Texas and Louisiana. These 
are divisible into two distinct groups. The first consists of the series of papers 
written during the period following the discovery of Spindletop in 1901 and end- 
ing with the wide acceptance of the theories of Harris in 1910. The descriptions 
contained in this group of papers are largely restricted to discussion of domes that 
lie close to the surface and producing horizons above or in the cap rock portions. 
The theoretical papers are devoted mainly to theories utilizing deposition from 
solution as the explanation of the growth of the salt masses. The more important 
papers of this period include the following: 
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The second group of papers may be said to begin with the discov ery of pro- 
duction on the flanks of the Humble salt dome in 1914. The depth of the forma- 
tions affected by the uplifts accompanying the salt bodies and the size of the salt 
cores were more fully realized as development work proceeded. Marked improve- 
ments in drilling equipment and technic and increased knowledge of fundamental 
geologic conditions brought an abundance of additional information and greater 
ability to organize data. Where the earlier writers had been inclined to consider 
the conditions in the Gulf states as distinct frem those in any other seetion of the 
world, investigators of this period sought the solution of their problems in the 
salt structures of Europe and other areas. The early papers by Van der Gracht 
and Rogers were followed by more complete studies by a number of others. ‘The 
wide discussion of the problem reached its culmination in symposium condueted by 
the American Association of Petroleum Geologists. The papers presented were 
published in the Bulletins of the Association during 1925 and 1926, and later, as a 
single volume called ‘‘ Geology of the Salt Dome Oil Fields.’’ Most of the papers 
are limited to discussion of individual pools. Some are of a more comprehensive 
character and may be considered as excellent summaries of our knowledge about 
salt structures. These together with some of the earlier papers of this period, are 
listed below: 
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CHAPTER: XVLL 


ACCUMULATIONS CONTROLLED BY SEVERAL FACTORS. 


In the previous chapters the author has tried as much as possible 
to restrict himself to illustrations in which the accumulation was 
dominated by a single causal factor. It was not possible to give ex- 
amples in which there was no modification of the action of this one 
factor by others of minor importance. In all of those cited, he be- 
lieves, however, that the secondary factors have been of such sub- 
ordinate importance as to warrant the belief that they have not mate- 
rially altered the manner of accumulation. In the accumulations now 
to be discussed, the secondary factors are of material importance. In 
some, several factors have contributed so largely to the accumulation 
and retention of the oil and gas that it is difficult to consider that any 
one of them has been of greater importance than the others. 

Variations in porosity in oi] containers have been referred to as 
causes of accumulation in monoclinal and even synelinal areas. As 
the oil-yielding beds of folded and faulted structures were produced 
under the same general conditions, it is logical to expect that sands 
contained in such areas may vary in porosity also. In fact, the 
greater tendency for circulation of waters would suggest that even 
greater variations might be expected. 

Simultaneous Sedimentation and Folding.—In the large fold 
other factors also enter. The duration of the period of folding is 
frequently great even though fairly continuous. Folding is com- 
monly initiated before the ending of the period of sedimentation. 
This may result in the erosion of the higher and emergent parts of the 
fold while deposition is still active in other portions. Thus horizons 
originally continuous over the whole fold may be partly removed. 
The deposition of lenticular sands covering portions of the structure 
may be expected. This type of body is especially likely to be de- 
posited on the flanks of the larger anticlines and upon the lower por- 
tions of the plunging anticline. Irregularities in settling may well 
be expected to occur because of the differences in the nature of the 
deposits laid down upon different parts of the partly arched fold. 
Similarly the differences in the thickness of the deposits upon the top 
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of the growing fold and upon the flanks tend to cause differences in 
the amount of settling. 

Variations in Competency.—Such variations would not be ex- 
pected in areas in which the period of folding was not initiated until 
after that of sedimentation had ended. Even in these some variations 
in sand bodies may be expected. Where the sand or sandstone is the 
least competent of the beds being folded, its thickness may be ex- 
pected to vary so as to conform with the positions taken by the more 
competent beds above and below it. This is probable where sand- 
stones are found interbedded with massive limestones. It is less 
likely to occur in areas in which the less competent shales and clays 
are present. 

Even where folding is aceomplhshed in a period of short duration 
after the close of sedimentation, the intensity of the forces active at 
the different stratigraphic levels cannot be expected to be the same. 
If the folding resulted from the application of a horizontal thrust to 
a series of competent beds that overlaid incompetent ones, folds whose 
intensity decreased with depth might be expected. Such folds may 
occur, but in the great majority of cases the competent beds underlie 
the incompetent, and the intensity of the fold increases with the depth. 
In beds of as low competency as clays the vertical movement rapidly 
dies out in intergranular adjustments. In beds of somewhat greater 
competency, such as sandstones, stresses may be built up until the 
streneth of the rock is exceeded. Fracturing is apt to occur where 
the static pressure of the overlying deposits is not too great. In 
areas of direct uplift, this means the development of normal gravity 
faults. Compression faults may result from horizontal thrusts. In 
eases of folding produced by torsional forces, faults of both the ten- 
sion or reverse and the normal types may occur. 

Vertical Range of Faults.—Such faults are usually of minor size 
and are located so as to have very little importance either in the accu- 
mulation or retention of oil by the folds upon which they occur. 
Others are of larger size and extend down to the beds in which the 
oil is contained. ‘Their positions make them of major importance in 
the determination of the manner of accumulation and retention. 

It is frequently assumed that faults die out with depth. This is 
probably true of the simple gravity types. In many cases, faults in- 
dicate the presence of folds in the underlying more competent beds; 
in others they reflect only adjustments in incompetent beds resulting 
from settling and have no downward reflection. The first may be said 
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of the majority of the reverse types also. Many faults continue 
downward beyond the limits penetrated by the drill without diminu- 
tion. Some tend to increase in intensity. The last quality is par- 
ticularly noticeable in those faults which are considered to reflect 
movements in the underlying shear zone. 

The development of these major faults, like the development of 
the large anticline is an intermittent and probably long drawn out 
process. The distribution of the oil and gas adjacent to them is 
modified by erosion, deposition, and other factors, just as in the anti- 
celinal fold. 

The major fault starts in the shear zone. It remains primarily 
a straight-line movement only as long as the weight of the overburden 
and the character of the rocks make that type of movement the easiest. 
Under some conditions it may extend through to the surface. This is 
frequently the case in areas of crystalline rocks. It is less common 
in areas where they are covered by thick bodies of sediments. Here 
plasticity tends to convert part or all of the straight-line movement 
into folding. Intergranular adjustments tend to reduce the amount 
of the movement. Actual fracturing may not occur until the sedi- 
ments have been highly contorted and the bulk of the straight-lne 
movement disappears far below the surface. In some cases it may 
give rise to single long folds.’ In others a series of closely related en 
échelon anticlinal folds or domes may result. This may be expected 
where there is considerable horizontal movement parallel to the strike 
of the fault in the underlying rocks. 

In the upper horizons the strueture may be altered further by the 
development of faults resulting from the stresses developed in easily 
fractured rocks such as sandstones. Such faults are most likely to 
occur close to the surface where confining pressures are small and tend 
to decrease in importance with depth. They reflect the folding and 
the deep fault movement beneath them, but they can only be con- 
sidered as shallow manifestations of that movement. The exact char- 
acter of result in any area will differ from that in every other area 
because of the differences in the character and relative importance of 
the several forces acting. 

In the chapter on fault-line accumulation, the folds in which the 
actual production was obtained were considered as merely parts of 
the faulting. In every case discussed a portion of the straight-line 
movement was evident at the surface and had been of major impor- 
tance in the accumulation of the oil and gas. In Chapter XII Long 
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Beach and Dominguez were discussed as if they were isolated struc- 
tures. This is not strictly true. They lie upon a line of uplift 
known as the Inglewood uplift or fault. Along this are located the 
important pools and individual structures known as: Newport, Hunt- 
ington Beach, Seal Beach, Long Beach, Dominguez, Athens-Rosecrans, 
Inglewood, and Beverly. Their alignment leaves little doubt that 
they were produced by horizontal movements along a deep-seated 
fault or shear plane in the deeply buried basement rocks. The action 
in the shear zone was probably not very different from that along the 
Whittier fault, a short distance to the east. The differences in strue- 
ture resulting can be traced to the great thickness of the plastie in- 
competent sediments above the hard rock surface. 

Despite the great depth of some of the producing horizons in the 
pools along the Inglewood fault, the domed or anticlinal form of its 
uplifted areas seems to continue. This is similar to conditions ob- 
served in other areas. Yet there can be no doubt that many of our 
producing folds change to major faults at lower depths. The few 
examples that might be cited of such conditions occurring within the 
zone penetrated by the drill are of such complex nature that their use 
here would be open to the criticism that data available warrant other 
interpretations as well. 

Burial of Structures.—The structure formed by folding or fault- 
ing during one period of the earth’s history may be buried beneath a 
covering of sediments in a later period. If erosion tends to level the 
area prior to the subsequent deposition, the horizontally placed beds 
of the later period give no indication of the underlying structure. 
Such structures have been called buried structures. Their origin is 
easily understood, but their presence is impossible of determination 
prior to their discovery by the drill. 

Where the period of erosion is brief and base leveling does not 
occur prior to the second period of sedimentation, the later deposits 
may be laid down upon a surface whose topographic form reflects its 
geologic structure. The sediments of the second period of deposition 
will be thin over the upfolded areas and thick in the basins. Yet the 
briefness of the period of deposition or the greater compacting of the 
deposits in the basins may tend to preserve a faint reflection of the 
underlying structure. Such a structure cannot be called a buried 
one as long as any reflection remains. To this type it would seem 
advisable to apply the term ‘‘covered structure.’’ 

The erosion of folded and faulted areas frequently results in the 


412 GEOLOGY OF PETROLEUM AND NATURAL GAS 


rapid wearing down of those areas that had been elevated most by 
dynamic agencies. The irregular topographic surface bears no rela- 
tion to the geologic structure of the rocks that underlie it. Deposi- 
tion in such areas will follow the same lines as have been indicated 
for the case previous. The form of the surface beds after compacting 
will be similar to those above the covered structure. Yet they do not 
indicate underlying structural conditions at all. The topographic 
high spots that lie below their slight arches may well be called *‘cov- 
ered hills.’’ 

Where the thickness of the covering completely obscures the 
underlying conditions regardless of their topographic form at the 
time of deposition, the terms ‘‘buried structure’? or ‘‘buried hill’’ 
may be applied as the conditions warrant. 

Revival of Dynamic Activity.—-It is seldom that a period of 
long-continued deposition is followed by uplift that is not accom- 
panied by some folding or even faulting. The forces causing such 
action act mainly through the underlying more competent rocks. 
Unless applied from entirely different directions than the forces that 
caused the folding in the underlying beds prior to their erosion, the 
second group of forces may be expected to act along much the same 
lines as the first. Thus the second period of folding or faulting may 
be expected to intensify the folds or faults in the rocks below the un- 
conformity, while definite and similar structural forms are being 
created in the upper rocks. The structure visible at the surface fol- 
lowing such action is true structure. Yet it does not represent the 
conditions in the horizons below the unconformity. It cannot be 
considered as the upper portion of a structure whose intensity in- 
creases regularly with depth or with approach to a given competent 
bed as in concentric folding. The author suggests the use of the 
term ‘‘revived structure’’ in such eases. 

Further complications to the problem are introduced by the fact 
that horizontal forces may be applied through a hardened and possi- 
bly partly metamorphosed or erystalline base along lines other than 
those by which the original sediments were acted upon. It is con- 
ceivable that they might result in the uplift of a covered or buried 
hill whose original structure was synelinal. Direct uplift of massive 
igneous cored hills has undoubtedly occurred in several areas. 

Where the rocks below the unconformity are crystalline or of such 
low porosity as to be incapable of containing commercially recoverable 
amounts of oil, their structural form is not of great moment. If 
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porous horizons do oceur, their attitude and extent are of major im- 
portance. Ability to distinguish between the hill and the true struc- 
ture may not only assist in the development work of the individual 
section but be of material value in the determination of the ultimate 
source of the oil and of the manner of conducting operations in ad- 
jacent areas. 

Accumulations at Unconformities.—The contacts between older 
and the younger rocks present most difficult problems to the geologist. 
The porous erosion surface is irregular in outline and character from 
the very nature of its origin. It cannot be considered as a distinct 
stratigraphic horizon, yet it may be folded and faulted in much the 
same way as such a bed would be. If continuous, it offers a passage 
to the oil and gas contained in the formations with which it is in con- 
tact. It permits accumulation in its own porous openings and en- 
courages the movement of oil and gas from one stratigraphic level 
to another. In some cases it encourages movement from source beds 
on one side of the unconformity to porous containers on the other. 
If spotty in distribution, it may cause accumulations at points not 
favored by the general structure. 

Before the peaks of older surfaces are covered by sediments, a 
number of lensing or abruptly terminating sand bodies may be laid 
down at their sides. Some may be deposited even after complete 
covering because of the sloping nature of the surfaces resulting from 
compacting of the sediments laid down in the basins adjacent to the 
emergent areas. Above the highest points of the old surfaces, there 
should be very little deposition prior to filling of the basins. After 
that, continuous beds may be anticipated. In these, accumulation 
should follow the structural outline given by later dynamic action. 
Yet it must be remembered that even in these, factors such as unequal 
erosion or sedimentation, which are active in modifying accumulation 
in the simpler types of folded and faulted structures, will be present. 

Order of Discussion.—The large number of factors which modify 
accumulation to some degree in the majority of the world’s major 
areas makes it difficult to group these sections in a logical manner. 
Where more than one modifying factor has been active, exact group- 
ing becomes impractical. Therefore, no attempt will be made further 
to divide the different types of structures that come under the general 
heading of buried and revived types. The discussion of these com- 
plex structures will be left until last, the comparatively simple types 
in which accumulations in folded areas have been altered by porosity 
variations or faulting being discussed first. 
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Ranger Area, North Texas.'—The productive horizons in the 
lower part of the Pennsylvanian on the Bend Arch of northern Texas 
were discovered in 1917. The area was characterized by wells of 
large flush production of high quality oil. As the discovery came at 
a time when the demand for oil was great, the area was rapidly de- 
veloped. Among the prominent producing areas was the Ranger 
district. While conditions in other portions of the Bend Arch are 
not entirely the same, this section may be considered as generally 
representative. 

~ The surface rocks of the Bend Arch are either of Lower Cretaceous 
or Pennsylvanian age. The latter predominate. The producing hori- 
zons of greatest importance are those in the Marble Falls limestone of 
the Bend series. The Smithwick shales and the Strawn formation 
also contain productive beds. Frank Reeves lists nine distinct pro- 
ducing sands. Their position with respect to the top of the Black 
lime in the Marble Falls limestone is as follows: 


Pays in the Strawn formation: 


IOs SAG! cocagcooeuabenoenc 1,850 to 1,970 feet above. 

POIs BSNL Go ooncgbeob Asean 1,600 to 1,850 feet above. 

ELarrisie Sami ahsyaersyerasereroe ior 1,250 to 1,640 feet above. 
Pay sand in the Smithwick shale: 

SCrovrmunmynele UMM Soooncooac 300 feet above. 
Pay sands in the Marble Falls limestone: 

Bulsfordencand eereeeeeraee 75 to 160 feet above. 

Moyo) One TBs UMN. Sop ogsaoosoe — — 

Basen One ls lackes line meer wearers 80 to 130 feet below. 


MeC@lesky@ Sam tiene see 170 to 230 feet below. 
Lower part of the 
Marble Falls limestone ... 350 to 475 feet below. 


The bulk of the production in the Ranger area comes from the 
Marble Falls limestone. The Strawn formation wells are generally 
small and the pools of limited extent. The Smithwick shale produe- 
tion is believed to come from cavities in a thin, moderately porous 
limestone. While of major importance in the pools of Stephens 
County, adjacent to this area, it is not of importance here. The Me- 
Clesky sandstone is the chief producing horizon in the Marble Falls 
at Ranger. It is apparently a pure sandstone. In this it differs 
from the other ‘‘sands’’ of the formation, which are sandy limestones 
or shales. 


1 Reeves, Frank: Geology of the Ranger Oil Field, Texas, U. S. G. S. Ball, 
No. 736, pp. 111-170, 1923, 
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The study of the relation of productivity of the wells to structure 
is made difficult by the lenticularity and changing porosity of the 
beds. In the shallow sands of the Strawn, these conditions are fully 
as important as structural considerations. In the deep horizons, the 
position of the porous lime sands is subject to variation. The Me- 
Clesky is the most continuous of the productive horizons present. 
Yet it varies from a thickness of 50 feet down to nothing. Where 
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Fig. 128——Map of a portion of the West Ranger area, Texas. Structure on 
outcropping beds. After Reeves, Frank: U.S. G. S. Bull. 736, Plate XVII, 1922. 


less than 20 feet in thickness, it is usually too fine grained or too 
argillaceous or calcareous to yield oil. The thicker areas, that is, 
those in which the sand is from 30 to 50 feet thick, are usually com- 
posed of grains of larger diameter and have a higher effective porosity. 

As the top of the ‘‘Black lime’’ forms a prominent key horizon 
throughout the district, subsurface maps are usually drawn upon it 
rather than upon the individual producing horizons. The subsurface 
maps drawn in this way show a definite relationship between areas of 
production and anticlinal folds. The relationship is modified in al- 
most every area by sand conditions. 

The element of uncertainty caused by more or less irregular varia- 
tions in sand conditions is further added to by the existence of a 
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marked unconformity between the Bend series and the overlying 
Strawn formation. In the deep horizons of the former, there are 
very pronounced anticlines, plunging anticlines, and synclinal basins. 
The strata show uplifts of 80 to 100 feet and dips ranging up to 
250 feet to the mile. 


Fie. 129.—Map of a portion of the West Ranger area, Texas. Contours on 
the Upper surface of the Blank Lime. Dotted line shows thickness of sand. 
Adapted from Reeves, Frank: U. 8. G. 8S. Bull. 736, Plate XIX, 1922. 


The Ranger limestone of the Canyon formation, usually used in 
surface contouring, shows no break in the regional dip of 50 feet to 
the mile in a northwest direction. Slight bucklings accompanied by 
minor changes in the direction of the dip are the only evidence of 
folding. The axes in these minor wrinkles do conform rather closely 
to the direction and position of the larger folds in the Bend series. 
Some aid was given the prospector during the later stages of the 
development of the area when the meaning of these flexures had been 
determined by correlation of surface and subsurface maps. However, 
a greater element of structural uncertainty remained than in most 
of the world’s producing areas. 

The data available point to a period of folding beginning during 
the latter part of the deposition of the Marble Falls limestone. The 
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interval between the McClesky sand and the top of the ‘‘Black lime’? 
is between 170 and 185 feet in the southern part of the district and 
from 200 to 230 in the northern portion. The thickness of the strata 
in the synclinal areas is from 15 to 30 feet greater than in the anti- 
clinal ones throughout the whole area. The occurrence of folding at 
this early time may have been responsible for the variations in the 
percentages of argillaceous and calcareous matter deposited in the 
different areas. 

The major period of folding undoubtedly came at the close of the 
Bend time and was responsible for the development of the marked 
folds in the rocks of that series. The bottom of the Strawn rests un- 
conformably upon the upper surface of the Bend series. It is proba- 
ble that folding also occurred at the close of the Carboniferous. The 
absence of definite folds in the Upper Pennsylvanian indicates that 
this was of only slight importance. It is possible that many of the 
folds in this upper group of beds are due mainly to compacting. 

La Salle Anticline, Illinois and Indiana.1—The first commercially 
successful well on the La Salle anticline was completed in 1904, near 
the town of Casey in eastern Illinois. The production came from a 
shallow sand. This encouraged rapid development, which resulted 
in extensions of the productive area northward and southward until 
it included pools extending for a length of 80 miles along the axis of 
the La Salle anticline. The greatest width of producing area was 
about 15 miles. The production rose to 33,000,000 barrels in 1910. 
Extensions have been made from time to time and new horizons 
opened by deeper drilling, which have tended to delay the natural 
decline so that the annual production is still about 7,000,000 barrels. 

The La Salie anticline is a fold of the plunging anticlinal type; 
but because of its sharply defined form, it is considered as more 
closely related to the ordinary closed types. The axis of the fold may 
be definitely traced for nearly 200 miles. Its strike is slightly to the 
west of north. The productive part of the fold is its southern halt. 
As in other folds of similar character, the axis contains domed and 
synclinal areas of varying size and importance. Two of the saddle- 
like depressions separate the producing area of Crawford County in 
Illinois from the producing areas of the Lawrence County pools to 
the south and from the pools to the north. 

1 Data mainly from: 

Blatchley, R. 8.: Illinois State Geological Survey Bull. 16, 1910; and Bull. 
22, 1913. 

Kay, F. H.: Geol. Soc. Amer. Bull., Vol. 28, pp. 655-666, 1917. 
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The lowest of the producing horizons, with the exception of the 


Trenton, which is of minor importance here, is the McClosky. 


iis 


an odlitic limestone of varying porosity and ranges from two to ten 
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feet in thickness. The average thickness is close to the latter limit. 
Kay considers it to be a zone rather than a single continuous body. 
It is found in the St. Genevieve limestone of the Upper Mississippian. 
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In some places as many as three closely related oil-bearing horizons 
have been reported. The maximum thickness of the zone is 80 feet. 

The McClosky is the only one of the producing horizons that can 
be considered as continuous over the whole structure. In it aceumu- 
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lation shows closer relationship to structure than it does in any of the 
others, but thinning and porosity variations are of major importance 
also. In the shallow northern pools, the McClosky lies within 350 feet 
of the surface. At the southern end of the field, it is between tao 
and 2,000 feet deep. In the southern portion a number of shallower 
sands in the Pennsylvanian and Mississippian have been developed. 
Of these the best known are the Bridgeport, Buchanan, Kirkwood, 
and Tracey. All of them lense out to the north leaving the McClosky 
as the only producer of importance. 

The accumulation of oil in these horizons follows structural lines 
in a general way wherever they are sufficiently continuous. However, 
salt water appears at various places higher structurally than nearby 
sections in which oil is obtained. This indicates considerable varia- 
tion in porosity. 

In the series of pools to the east of the main crest, such as New 
Hebron, Flat Rock, Parker, and Birds, the productive horizons are 
not visibly affected by folding. The oil-containing areas seem to 
correspond largely in areal extent with the thicker portions of lenticu- 
lar sand bodies and to die out where the beds thin out. A delta 
origin has been ascribed to many of these irregular sand bodies. 

The southeastern end of the fold is still a center of active pros- 
pecting, additional lenticular sands being discovered from time to 
time. The western edge is much steeper than the eastern. Along it 
the edge of the producing belt is clearly defined. 

Kevin-Sunburst Area, Montana.'—The discovery well of this see- 
tion was completed in 1922. In 1926 the daily average production 
was nearly 20,000 barrels. At the close of that year, 650 wells were 
producing. The productive area lies in Toole County in northern 
Montana. The character of the producing horizons is entirely differ- 
ent from that of any of the other major pools of the Rocky Mountain 
section. Its history has similarly been different from that of the 
others. The first well was located in Section 16, T. 35 N., R. 3 W. 
and was completed in March, 1922. It had produced from 500,000 
to 1,000,000 cubic feet of gas from a sand near the base of the Colo- 
rado shale. It yielded a showing of oil at the base of the Kootenai 


1 Data mainly from: 
Hager, Dorsey: The Sunburst Oil and Gas Field, Montana, A. I. M. M. E. 
Trans., Vol. 69, pp. 1101-1120, 1923 


Anonymous: The Kevin- eae, Oil Field, Montana, U. 8. G. S. Press 
Notices, September 7, 1922, and January 12, 1926. 
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formation and a few barrels of oil in the underlying Ellis. At the 
best the capacity was only five to ten barrels of oil a day. The second 
well was completed in June of the same year as a 200-barrel pumper. 
It was located in Section 34, T. 86 N., R. 2 W. Both wells were to 
the north of the center of the Sunburst dome, a major closure on the 


Section of rocks in Haw. aw. Couts kaw CANADA __ fiw sf 
Kevin-Sunburst oil field Sweetgrass a UNITED. (STATES 7 
Toole County, Mont. ke, \Glipicsoca rN 
ie \ Leet ot ZAR 
“| Virgelle pandstone 
4 200Tt. N. 
+-1000 ft 
n 
=) 
S - Pebble band 
8) Colorado shale 
< 
er 
ies) 
x 
& Blackleaf sandy member 
T70ft. 
Kootenai formation 
405 ft. 
72) \ {Sunburst sand of drillers) 
z2 | Ellis formation 20s ft. 
=> \ fetes ‘ I"Sand"of Ellis formation) 
” Fr UNCONFORMITY 
3 p - 
ry iene limestone ) = 
S lower Mississippian ; 
5 Troft. “i 
= f ] 
So \ (PN) ( ; thy 
22 Jefferson limestone \ \ aS Aloe / 
ws 335 ft. ry \ \ AQ l 
& [ea annyar WN Wika 
£ ] nhydrite 
| "6 Z Foe aN AX \ Meee ™ 
ss! IRS \S \ WE 
& LN Ss 
= SS SS SSR “oy 
~, 2: 
as ite, 
= BinTaBeNe ARN A 
rises ft. i ax 
i r ENS SEN CRESS SS Wid sh on ee ae = 
SS 32 SOS eS Rx Inder =_ py a ot 
N. yp SS ee ee sles 5 
= NAOT psshelby a 
3 a N SS ee 
2 R.4w, R3w. R.2W. RAW. RAE. 
On Ai 225 3-4 1S) ‘6. 7 BS 9) “HO! (As! 12 iMIES 
EXPLANATION 
X  Outcrop of pebble band. —— Boundary of area containing wells 
2 producing oil. 
x Outcrop of conglomerate struck in eee 
Troy- Sweetgrass well. == Boundary of areayielding gas and some 
4 5 howi F oll. 
Contours drawn on top of Madison limestone ; 5 SOWIRT, as yy 
interval 50 feet; datum meansea /eve/. e Campbell discovery well. 
Are Strike and dip. e2 Sunburst discovery well. 
Center of /arge initial production,with Potlatch deeptest well, : 
ek average depth to basd/ “sand "oF Ellis 4445 feet ean to base of Cambrian. 
formation, 
After U. S. Geol. 


Fig. 132—Map of the Kevin-Sunburst Ar 


Survey, Press Notice, Jan. 12, 1926. 


ea, Montana. 


422 GEOLOGY OF PETROLEUM AND NATURAL GAS 


still larger Sweetgrass uplift. They were followed by rapid drilling 
of other wells. None of these were very large producers and devel- 
opment work was hindered considerably by the spottiness of the pro- 
ductive areas. 

The oil is obtained mainly from the base of the Ellis formation, 
but the Sunburst sand of the Kootenai is also important. It is espe- 
cially prominent as a producer of gas. The Kootenai formation is of 
Lower Cretaceous age and about 400 feet thick. It is composed of 
sandstones and varicolored shales. The Sunburst sand is the lowest 
member of the formation. It varies from five to 50 feet in thickness. 
The extreme lenticularity of the horizon greatly limits its value. 
The Ellis formation lies below it. This is 200 to 250 feet thick and 
consists mainly of shaly sandstones and limestones. At its base les 
the productive portion, a sandy limestone between five and ten feet 
thick. Several stray sands have been found in the Ellis also. 

The Ellis formation is considered to be of Jurassic age. It rests 
unconformably upon the Madison limestone of the Lower Mississip- 
pian. The lower productive sand is more continuous than the Sun- 
burst but is like it in being of highly variable character. In some 
places it is a typical conglomerate, made up of more or less rounded 
pebbles of fossiliferous Madison limestone and quartzite with angular 
fragments of secondary silica and pyrite. In others the horizon is 
a slightly cavernous limestone in the top of the Madison. 

The Sunburst pool as outlined to the close of 1926 included all of 
T. 35 N., R. 2 W. and substantial areas in adjacent townships. The 
gas area to the south of the oil pool and the areas in which wells have 
shown small amounts of oil would include a much larger section. Up 
to the present the oil has been limited, as far as commercial production 
is concerned at least, to the northwest side of the broad Sunburst 
dome. ‘Tests in other areas, while indicating the presence of oil, have 
not found sufficient thicknesses of sand to make commercial wells. 

The dip throughout the area north of the crest averages only 50 
feet to the mile. The contours of the major dome are probably com- 
plicated by a number of minor folds, which are of some importance 
in determining areas of maximum production. They do not show up 
clearly upon 50-foot contour maps and are believed to play a minor 
part in accumulation. The wide variations in productivity between 
wells short distances apart are generally attributed to the irregular 
character of the erosion surface horizons in which the aecumulation 
has oceurred. 
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Binagadi, Russia.'—Normally a fault is expected to yield oil from 
one side only. It is possible that where the fault is combined with 
folding for both sides to serve as accumulation and retention areas. 
Binagadi pool, one of the most important of the structures in the 
Apsheron peninsula, or Baku district of Russia, is of this type. Prior 
to faulting the area was apparently arched up in the form of a definite 


Fig. 133.—Section through the Binagadi oil pool, Russia. b, Freshwater 
beds, Miocene; c, Lower Miocene; s, Spiralis beds. After Thompson, A. B.: Inst. 
Min. & Met. Trans., Vol. 20, p. 229, 1910-11. 


anticline. It is possible that the faulting did not occur until after 
the accumulation of the oil had been partly accomplished. In that 
case the importance of the fault lies mainly in its division of the pro- 
ducing tract into two isolated areas. In these, edge-water encroach- 
ment and other production problems will be entirely distinct. 

Where the faulting took place after the accumulation within the 
fold and the two sides were subject to the same geologic forces, the 
conditions within the horizons should be much the same on both sides. 
This, however, is not true in Binagadi, where the wells on one side are 
of larger average size than those on the other. As the productive 
horizons are the highly unconsolidated sedimentary sands of the Ter- 
tiary, the differences cannot be considered as due to variations within 
the sand bodies. It seems more logical to conclude that the faulting 
occurred prior to the bulk of the accumulation and that drainage from 
one side was greater than that from the other. It appears to have 
resulted in accumulation of unequal amounts and the development of 
unequal pressures. 

Inglewood, California..—A somewhat similar condition is found 

1 Thompson, A. Beeby: Inst. Min. & Met. Trans., Vol. 20, p. 229, 1910-11. 


2 Data mainly from: 
Huguenin, E.: Inglewood Oil Field, California Oil Fields, Vol. 11, No. 12, 


1926. 
28 
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in the Inglewood pool in the Los Angeles Basin of California. In 
this pool, however, the fault is off to the side of the main structure 
rather than crossing its center. There is reason for the assumption 
that the faulting and the part of the folding which accompanied it 
came after the accumulation had begun. The more productive area 
is that which lies on the downfaulted western portion, the section em- 
braced by the major portion of the fold. 
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Fig. 134.—Structure map of the Inglewoced oil pool, California. Contours on 
top of oil sand. Datum sea level. After Huguenin, E.: California Oil Fields 
Vol. 11, No. 12, Plate 2, 1926. 


The Inglewood structure is one of the series lying along the Ingle- 
wood fault or uplift zone. Because of the prominence of the Belcan 
Hills, the most striking topographic feature of the vicinity, it had 
been a center of interest for some time. It was not until 1924 how- 
ever, that the first commercial well was completed. By the inte of 
1926, the cumulative production had reached the total of 43,000,000 
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barrels. The oil was taken from an area of about 1,200 acres and 
wells found the productive horizons between 1,200 and 3,150 feet be- 
low the surface. 

Operating conditions are much the same as in other pools of the 
Los Angeles Basin, the oil being contained in zones of interbedded 
sands and clays of great thickness. The first and smaller zone was 
reached at a depth of about 1,200 feet. It produced through a depth 
of 600 feet when first opened up, but edge water rapidly reduced its 
value. The oil was of 13 to 18° Baume gravity. Below this edge 
water, the main producing horizon was found. This yielded wells of 
1,000 to 4,000 barrels capacity and produced oil of 18 to 29° gravity. 
In a general way conditions on both sides of the fault have been found 
to be much the same. Edge water has been encountered in positions 
down the dip on the east side similar to those on the west side. The 
lower producing horizon is considerably smaller in vertical extent on 
the east side than on the west. Thus while wells on the crest east of 
the fault have about 1,000 feet of productive formations, those on the 
west crest have been developed through a thickness of 1,300 feet. In 
one case a thickness of 1,700 feet was reported. 

In productive zones of such great thickness, the ability of a fault, 
even as large as the one present, to isolate the two areas is open to 
question. Its throw of 350 to 400 feet does not separate the produc- 
ing zones completely. However, the large amount of clay and other 
impervious matter present in the zones has undoubtedly tended to 
restrict the movement from one side to the other. That it has been 
effectiye may be inferred from the somewhat higher Baume gravity of 
the oil on the east side of the fault. 

Hubbard Pool, Oklahoma.'—In the examples just discussed, the 
planes of the faulting have been nearly vertical. The conditions in 
the different horizons were much the same. In the Hubbard pool in 
western Kay County, Oklahoma, a fault having an angle of 45 degrees 
makes the conditions at various depths materially different. The 
pool is closely related to a number of others in which production has 
been obtained from eroded surfaces of Ordovician limestones. The 
first well completed obtained production in a deep horizon found 
between 3,754 and 3,761 feet. This was considered as being the Wil- 
cox sand. The production was large but fell off rapidly. Shortly 

1 Data mainly from an anonymous article containing maps by A. I. Truex: 
Hubbard pool has geologists guessing, Oil and Gas Journal, Vol. 24, pp. 81-82, 
Oct. 15, 1925. 
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after this a well half a mile north of the discovery test obtained pro- 
duction from a sand found at 2,600 feet. The wells in this horizon 
appeared to be considerably more desirable from the commercial 
standpoint than those found in the first discovery. Because of this 
the latter half of 1924 and all of 1925 were devoted to drilling to the 
shallower depth. Other sands were found to be productive, but their 
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Fig. 185.—Hubbard pool, Oklahoma. After Truex, A. F.: Oil and Gas 
Journal, October 15, 1925, p. 81. 


value was not as great as that of the 2,600-foot horizon. This was 
largely responsible for the total of more than half a million barrels 
produced in 1925. Later, wells were deepened to the Wilcox in the 
central portion of the pool and additional oil was obtained. 

The development of the 2,600-foot horizon demonstrated the down- 
ward continuation of a fault which had been noted in the upper 
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red-beds. The contours drawn upon a prominent red-bed found at 
a depth of about 500 feet show a fault crossing a folded area and 
having a maximum throw of 140 feet, with the downthrow to the west. 
The contours drawn upon a 2,000-foot sand horizon and upon the 
2,600-foot bed show the throw to be about the same in amount but 


REW. RAW. 


Lichmofr ! 
fi 5) or eo 1 
ST eee ae ge = 6 ae 5 —— = += -. 
Maes atan| A bebyol ATL i WION 
(AND 
Moore 5 LraprdAd y is 
\ ; 
Fejta es a 
! 
| 
| 
[} 
= SS a aS 
| 
l 
i 
| 
1 
\ 
' 
\ 
eres: i iis A 
1 
| 
crodee 
17 
| 
! 
1 
| 
eee ae 
| 
| 
1 
| 
' roy, 
: 10 foot contours show- 
! ing elevation below 
27 ee oe Ey fee ; | | sea level on 2600 foot 
sand. 
| 
| | 
tt i St Se 1 eee 


Fig. 136.—Hubbard pool, Oklahoma. After Truex, A. F.: Oil and Gas 
Journal, October 15, 1925, p. 81. 


indicate considerable change in the position of the fault and in the 
nature of the folds adjacent to it. In these the fault is indicated as 
dipping to the west at an angle of about 45 degrees. Its trace for 
the deeper beds is thus considerably west of its trace in the upper 
ones. Thus wells that appeared to be located on the west side of the 
fault were actually obtaining their production from the east side. 
The production of wells actually west of the fault has been relatively 
small and the limited area largely defined by dry holes. 
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Sufficient testing has been done to indicate that the Wilcox hori- 
zon is of greater extent than the upper production, but the close 
control held by a few corporations has tended to retard the develop- 
ment of that horizon. When fully developed, its producing areas will 
probably be found to be limited by the same factors that are present 
in Tonkawa, which is described on page 469. 

Salt Creek, Wyoming..—The faulted and folded pools cited in 
this chapter have been of comparatively small size. In the Salt Creek 
structure, we have one of the largest of the anticlinal folds that are 
productive of oil. The productive area differs from that in other 
structures in the Rocky Mountains in being of extent comparable with 
the closure of the fold rather than being limited to a small section of 
the very highest portion. Up to the present the bulk of the produc- 
tion has come from two sands: the First Wall Creek and the Second 
Wall Creek. Below these others have been tested and have yielded 
some oil. The structure while distinctly an anticlinal fold is not en- 
tirely regular in outline. Its southern portion, called the Teapot 
Dome, is separated from the main area by a saddle and several faults. 
In addition, while the two main horizons are productive over a ¢con- 
siderable area, there are several lensing horizons, and some production 
has been obtained from wells encountering fissures in shales. 

The structure was known in a general way as early as 1880 be- 
cause of the size of the uplift and the presence of several active seep- 
ages. The Shannon pool, a small shallow productive area north of 
the main development, was discovered in 1889. While some oil was 
shipped from this, the main development did not begin until 1908 
when the First Wall Creek sand was discovered. Title difficulties 


1 Data on Salt Creek mainly from: 

Armstrong, R. O., and Rader, C. M.: Water Shut-off Methods in the Salt 
Creek Field, Petroleum Development and Technology in 1925, pp. 265-277. 

Clapp, . G.: Report on Teapot Dome Naval Reserve No. 3, Wyoming, be- 
fore U. S. Senate Committee on Public Lands and Surveys, Oct. 22, 1923. 

Lewis, J. O.: Report of the geological conditions of Teapot Dome (Naval 
Reserve No. 3, Wyoming), before U. S. Senate Committee on Public Lands and 
Surveys, Oct. 22, 1923. 

Estabrook, E. L., and Rader, C. M.: History of Production 6f Salt Creek 
Field, Pet. Dev. and Tech. in 1925, pp. 199-254. 

Wegemann, C. H.: The Salt Creek Oil Field, Wyoming, U. 8. G. 8. Bulletins, 
No. 452, 1911, and No. 670, 1918. 


Young, H. W., and Estabrook, E. L.: Waters of the Salt Creek Field, Wyo., 
Pet. Dev. and Tech. in 1925, pp. 255-277. 


LEGEND 


Fi 
an 
40" stratigraphic displacement 


eee 


ee SOR 
% hee 


be ti on ‘. : | 


ZEN ca 
lee \ b LLNS 


i; 4 
i\ We, 
: we oe, 


430 GEOLOGY OF PETROLEUM AND NATURAL GAS 


restricted development somewhat, but the area soon became the most 
important source of oil in the Rocky Mountains. 

In 1917 the Second Wall Creek was proved productive. In 1921 
the Lakota sand was penetrated and proved to be oil-bearing. Up 
until the close of 1924 very little oil had been taken from below the 
Second Wall Creek. The production of the different zones up to that 
time was approximately 138,000,000 barrels. Of this, the Second 
Wall Creek had contributed 106,500,000, and the First Wall Creek 
and shale fissures 29,500,000 and 2,200,000 respectively. In the years 
of 1925 and 1926 a substantial production was obtained from the La- 
kota and other horizons below the Second Wall Creek. The total 
production during these two years was 39,000,000 barrels. In addi- 
tion about 5,000,000 barrels have been taken from the naval reserve 
land on Teapot Dome since 1922. 

As originally mapped by Wegemann, the structure was divided 
into a major northern dome and a small terrace-like extension to the 
south. In this extension, two subordinate domes were mapped. The 
crest of the major or Salt Creek portion was considered to coincide 
with the 3,900-foot contour of the First Wall Creek sand. The crest 
of the northernmost of the two minor domes was placed between 
2,900 and 3,000 feet above sea level. The elevation of the saddle be- 
tween it and the major dome was considered to be between 2,700 and 
2,800. The crest of the southernmost dome was placed between 2,700 
and 2,800 and the saddle north of it, at 2,500 to 2,600. The lowest 
structural line completely circling the whole area was the 2,700-foot 
one, as the dip to the west of the main structure, while steeper than 
in any of the other parts, was ‘reversed within a short distance to the 
west of the crest. 

The axial plane of the fold dips somewhat to the east so that the 
axis in the lower formations are somewhat to the east of those in the 
shallower beds. The shift is not of major importance. 

In mapping the area Wegemann showed a number of faults at 
right angles to the axis of the fold. These he found to be most promi- | 
nent along the southeastern edge of the Salt Creek dome proper. 
They varied in vertical intensity from a few feet to 130 feet. The 
faulting was accompanied by horizontal movement, this being placed 
In one case at 2,670 feet. The faults noted were all of approximately 
the same strike, north 80 degrees east. Being at right angles to the 
strike of the beds containing the oil, they had little effeet upon its 
accumulation and production except in the southern portion. At the 
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time of making his report, Wegemann pointed out the fact that the 
anticlinal axis is bent sharply between the Salt Creek dome and the 
two domes of the Teapot area and suggested the possibility of faulting 
in that area. 
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Fig. 138.—Structure map of the Second Wall Creek Sand in area between 
Salt Creek and Teapot Dome. After Clapp, F. G.: Report on Teapot Dome 
Naval Reserve No. 3, Wyoming, before U. S. Senate Committee on Public Lands 
and Surveys, Oct. 23, 1923. 


At the time the field examination was made, the First Wall Creek 
sand was the source of practically all of the oil. The water level in 
this sand was at that time between 400 and 500 feet below the erest 
of the dome and gave definite evidence that the producing area did 
not extend into the saddle. The Teapot Dome naval reserve was 
established on that basis and made to include all of the area of the 
two southern domes and half of the saddle to the north of them. 

More detailed work subsequent to the establishment of the reserve 
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tended to indicate the probability of the modification of the form of 
the saddle and of the northern of the two small domes by faulting. 
The productive area in the Second Wall Creek was found to be far 
greater than that of the First Wall Creek. Development southward 
from-the center of the producing area continued until wells were pro- 
dueing from the northern part of the saddle area. The naval re- 
serve was then leased to the Mammoth Oil Company. Drilling was 
started along the northern edge of the naval reserve in 1922 and a 
series of test wells put down at various points to the south. The 
development of the area was terminated by a suit on the part of the 
United States Government to recover the leased lands. Prior to this 
a number of wells had been drilled. They demonstrated the non- 
existence of oil in the First Wall Creek sand and the presence of an 
unexpectedly large amount of gas in the Second Wall Creek. The 
distribution of the gas and the oil was very irregular and indicated 
definitely the presence of important faults. These were studied by 
F. G. Clapp and J. O. Lewis, who had been commissioned by Congress 
to report on the technical phases of the leasing. 

In all 33 faults were found by them in the Teapot Dome section. 
Only a few of these were of major importance, that is, of sufficient 
throw to sever the thick Second Wall Creek sand. Three, known as 
faults number 4, 6 and 25, were of greater importance than any of the 
others. Number 4 had a south dip of 50 degrees and a displacement 
of 270 feet. Its strike was nearly east-west. It was located in See- 
tion 33. Just south of this fault lies number 6. Its strike is north 
70 degrees east and indicates the possibility of it merging with num- 
ber 4. The downthrow was again to the south and appeared to be 
more than 70 feet. Fault number 25 was located in Section 3. The 
strike on this fault shifts from east-west to north 50 east. The throw 
was to the south and was considered to be at least 40 feet. 

Fault number 4 completely crosses the structure. North of it the 
arching of the beds produced a closed trap in which gas was found 
close to the fault. Oil was found in the area between it and number 
6; but close to the north side of number 25, free gas was obtained. 
This section was also domed in character. Immediately south of 
number 25 oil was obtained, but in the southern dome gas appears to 
occupy most of the closure. 

The large quantity of free gas in the Teapot Dome is in direct con- 
trast to the conditions in the Second Wall Creek sand throughout the 
major closure. There the gas was practically all dissolved in the oil. 
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The differences between conditions south of the saddle and faults and 
those on the main structure can only be explained by the existence of 
these limiting structural features and the poorer quality of the small 
domed areas as areas of accumulation. It cannot be explained by 
variations in the porosity of the horizon. While the Second Wall 
Creek contains shale partings and varies from 20 to 100 feet in thick- 
ness, it is continuous over the whole structure. The same is true of 
the First Wall Creek sand. 
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Fie. 139.—North-south section through section 533 between Salt Creek and 
Teapot Dome showing effects of faulting. After Clapp, F. G.: Report on Teapot 
Dome Naval Reserve No. 3, Wyoming, before U. 8. Senate Committee on Public 


Lands and Surveys, Oct. 28, 1923. 


The Shannon has only been found to contain oil in a small area in 
the northern part of the main fold. This formation has been re- 
moved from a considerable area, and the oil that it may have contained 
originally has been allowed to escape. In parts of the structure pro- 
duction has been obtained from what is known as the Third Wall 
Creek sand. This lies about 625 to 675 feet below the top of the First 
Wall Creek. It is extremely lenticular in character and therefore of 
uncertain value. The same may be said of sands in the Dakota. 

The Lakota, which lies below the Dakota, is a sand of about 70 feet 
thickness. Like the two important Wall Creek horizons, it appears 
to be continuous and its production to conform to structural condi- 
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tions. Recent deep testing has shown the existence of oil in the sands 
of the Sundance and Morrison formations. Sufficient work has not 
yet been done to determine the importance of these, but the Lakota is 
now a substantial producer. 

In addition to the production from the regular horizons, a con- 
siderable amount of oil has come from crevices, or shale fissures. 
These were most prominent in the shale above the First Wall Creek 
but are now yielding considerable oil from points between the lower 
Frontier and the Lakota sands also. 

Cat Creek, Montana.’—While the productive area is considerably 
smaller, somewhat similar conditions to those of the southern part of 
the Salt Creek-Teapot Dome anticline are found in the Cat Creek 
pool in central Montana. This area was the first to be developed in 
the state of Montana, the discovery well being completed in 1920. 
The peak production came in the summer of 1922 when 8,500 barrels 
were obtained daily. The cumulative production to the close of 1926 
was about 9,000,000 barrels. The oil has a gravity of 47 to 50° de- 
grees Baume, making it one of the most valuable oils produced in the 
world. 

The oil has been taken mainly from two domes upon the major 
anticlinal fold known as the Cat Creek anticline. This comparatively 
narrow fold extends eastward from the vicinity of the Judith Moun- 
tains for a distance of 70 miles. Eight distinct domes separated by 
saddles have been located along its crest and given names. The strue- 
ture of each of them is complicated by a series of faults. Only two 
of them, the West dome and the Mosby dome, both in the eastern half 
of the major fold, have been found to contain commercial quantities 
of oil. 

Petroleum was first found in the Mosby dome. The discovery 
well was small and wells drilled near it proved wunpromising. Up 
to July, 1926, only 22 commercially productive wells had been eom- 
pleted on this dome. Development of the West dome followed shortly 
after that on the east and demonstrated the presence of a considerably 
greater, although badly broken up, oil-containing area. Here 190 
producing wells were completed. 

The productive horizons are the First and Second Cat Creek sands. 

1 Data mainly from: 

Lupton, C. T., and Lee, Wallace: Geology of the Cat Creek oil field, Fergus 
and Garfield Counties, Mont., A. A. P. G. Bull, Vol. 5, pp. 252-275, 1921. 

Reeves, Frank: Geology of the Cat Creek and Devils Basin Oil Hields, and 
Adjacent Areas in Montana, U. 8. G. S. Bull. 786-B, pp. 39-95, 1927. 
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A Third Cat Creek sand has been found in some wells but has not 
proved to be commercially valuable. The first sand was reached on 
the crest: of the West dome at a depth of 1,100 to 1,400 feet. It oc- 
curs at the base of the Colorado shale. The second sand lies 160 to 
935 feet below the top of the first. It is placed in the Kootenai for- 
mation. Both horizons are water-bearing, the edges of the producing 
areas being marked by flowing artesian water wells. The First Cat 
Creek sand is the more important producer on the West dome, but 
the Second Cat Creek is the source of the bulk of the oil on the Mosby 
dome. 

There is no reason to consider that the doming was not the main 
cause in the accumulation of the oil. Yet the distribution of the 
oil-producing areas indicates that faults have played an important 
part also. The source of the oil is considered to have been the Colo- 
rado shales. From these the oil probably migrated into the First 
Cat Creek immediately below. The vertical movement in most of 
the faults appear to have been considerably less than the horizontal. 
In some eases, however, the vertical component has been as much as 
150 feet and even more. This would bring the Second Cat Creek in 
contact with the First Cat Creek and permit the oil to move from the 
latter to the first. 

The faults are also considered to have directed the movement of 
ground water, and to have served to prevent the development of the 
full flushing action of those waters. Thus the arched areas adjacent 
to the faults crossing the major domes have proved to be the most 
highly productive sections. Even in areas away from the main 
domes, some oil has been found trapped in the arches adjacent to 
faults. 

Such minor areas have been of little importance, except from the 
scientific standpoint, as their production has been obtained from only 
two or three wells. However, the accumulation of any oil is in direct 
contrast to its utter absence in some of the large less faulted domes 
on the Cat Creek anticline. In these the flushing action of the mov- 
ing artesian waters has apparently removed all of the oil. 

Big Lake Pool, Texas.'—The simplicity of the structure of the 
producing horizon of the Big Lake pool of Reagan County in western 
Texas makes a discussion of it in this chapter a little out of place. It 

1 Data mainly from: 


Sellards, E. H., and Patton, L. T.: The Subsurface Geology of the Big Lake 
Oil Field, A. A. P. G, Bull., Vol. 10, pp. 365-381, 1926. 
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Columnar| Thick- 
Section. | ness in 
Feet. 


Sys- 
tem. 


Character of Rocks. 


00-00 


Mostly massive, white or gray limestone. 


Gray sand. 
UNCONFORMITY. 


100-500 


Dark red shale, sandy shale, gray, white, and red sand, and some conglomerates. 


UNCONFORMITY. 


100-575 


Brick red shales, fine-grained, more or less shaly, brick red sandstones and some anhydrite. 


Thick beds of salt interstratified with anhydrite. 


Beds of anhydrite, brick red, sandy shale and brick red sandstone. 


Beds of salt interstratified with anhydrite, red sandstone and shale. 
Anhydrite. 


Red sandstone, red sandy shale, and anhydrite. 


Red sandstone. 


Anhydrite. 

Salt interstratified places with anhydrite, sand and shale. ; 

Dolomite passing gradually upwards into sandy dolomite, dolomite and anhydrite, and 
pure anhydrite. Some shale and sandstone. 

Oolitic dolomite, 


Dolomite, sandy dolomite and some sandstone. 


Oolitic dolomite. 


Gray and dark gray, sandy shale, black shale and gray sandstone. 


Dark almost black carbonaceous shale. 


Fig. 141.—Generalized section in the Big Lake oil pool. After Sellards, E. 
H., and Patton, L. T.: A. A. P. G. Bull., Vol. 10, p. 369, 1926. 
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is one of the finest examples of completely buried structure that we 
have and as such is closely related to the complex structures of the 
covered and revived types which will be discussed after it. 

The pool was opened up in 1923. At the time it was entirely 
isolated from any other producing areas. The development was slow 
at first, but later with the drilling of a number of large wells the 
pool became one of the more prominent areas of the state. Produc- 
tion to the end of 1926 amounted to more than 20,000,000 barrels. 
The single productive horizon was found at about 3,000 feet and 
yielded an oil of 39° Baume. 

To the geologist the Big Lake structure is of interest primarily 
because of the perfection of the dome outlined by the drill and the 


Fie. 142.—Structure map of the Big Lake oil pool. Contours on the odlitic 


zone of the producing horizon. After Sellards, E. H., and Patton, L. T.: A. A 
P. G. Bull., Vol. 10, p. 378, 1926. . a 


entire absence of indications of that structure in the surface forma- 
ions. The surface s are of Comanche: 1 
t om 7 The sul face beds are of Comanchean age and the producing 
horizon lies in the Permian. This is an odlitie dolomite varyine in 
ee ss { ; : D = 
thickness from 10 to 60 feet and averaging about 20 feet. The 
odlites are numerous. They vary in size from 0.2 mm. to 5 mm. in 
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diameter and generally show a central body or nucleus of a sand 
grain. Except for this nucleus the horizon is made up of relatively 
pure dolomitie or, in parts, calcitic limestone. 

The productive area has been found to coincide with a definite 
closure on the contour map of the odlitie dolomite. The dome of the 
producing horizon was found at a subsea level of 160 feet, and pro- 
duction extended down the sides to about 350 feet below sea level. 
The closure on the odlitic horizon was found to be reflected in the 
overlying salt, gypsum, and red-beds of the later Permian. A defi- 
nite unconformity separates the Permian and the Triassic. The 
latter varies in thickness from 100 to 500 feet, variations depending 
largely upon the position of the upper surface of the Permian. <An- 
other but less marked unconformity separates the Triassic from the 
Comanchean. The thickness of the latter averages 500 feet. 

The only possible reflection of the buried structure in the Co- 
manchean is that the dip on a water sand near the base of beds of 
that age shows a slight terrace. To the west of the center of the 
Permian structure, the dip appears to be above the normal, while 
to the east it is shghtly below the normal. 

Healdton, Oklahoma.'—The Healdton pool in Carter County, 
Okiahoma, was probably the first pool in which the importance of 


s Healdton Fox Graham 


Fig. 143.—Generalized cross-section of the Healdton area, showing relation 
of Healdton to adjacent folds. After Powers, S.: A. I. M. E. Trans., Vol. LIX, 
p- 575, 1918. 


the irregular surface of underlying hills which had been covered by 
later sedimentation was recognized. The pool was the largest of a 
group of closely related structures lying south of the Wichita and 
Arbuckle Mountains and north of the Red River. The discovery 
1 Data on Healdton mainly from: 
Bartram, John G., and Roark, Louis: The Healdton Field, Oklahoma, A. A. 


P. G. Bull., Vol. 5, pp. 469-474, 1921. 

Powers, Sidney: The Healdton Oil Field, Oklahoma, Econ. Geol., Vol. 12, 
pp- 594-606, 1917; also Age of the Oil in Southern Oklahoma Fields, A. I. M. FE, 
Trans., Vol. 59, pp. 564-575, 1918. ; 

Wegemann, C. H., and Heald, K. C.: The Healdton oil field, Carter County, 
Okla., U. 8. G. 8. Bull. 621, pp. 138-30, 1916. 
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well was completed in 1913. The productive horizons were found at 
shallow depths. The pool was expanded as rapidly as marketing 
facilities could be developed to take care of the production despite 
the over-production arising from the development of Cushing pool at 
the same time. The marketed production in 1917, the crest year, 
amounted to 18,350,000 barrels. 

The Healdton structure lies immediately south of the belt of fold- 
ing which resulted in the development of the Quachita, Arbuckle, and 
Wichita Mountains. These mountain-building movements appear to 
have begun in Mississippian time and to have resulted in intense 
uplift and folding of the beds which had been deposited previously 
in the wide Mid-Continent geosyncline of Oklahoma and northern 
Texas. Massive limestones and other strata, largely of Ordovician 
age, were arched up into a series of folds of varying size. Erosion of 
these uplifted areas tended to alter them greatly; and, as the period 
of erosion was followed by subsidence, they became irregular island 
areas in the great Late Paleozoic Mid-Continent sea. Deposition 
above and around them naturally followed. Where the masses were 
large and their flanks of moderate slope, the deposition resembled 
that along any normal shore. Where the uplifted areas were less ex- 
tensive, as might be expected of folds and fault scarps some distance 
from the main areas of uplift, the subsidence carried the higher points 
to sea level and even below it. 

A submerged reef having an anticlinal form is considered by 
Sidney Powers to have been an important factor in the accumulation 
of oil at Healdton. Although some oil has been taken from the 
Ordovician limestones, which represent the remains of such a reef, 
chief interest hes in the Pennsylvanian horizons, which overlie the 
Ordovician. The strata at the surface are Permian. They have a 
thickness of 200 to 800 feet depending upon topographic and geologic 
conditions. They have yielded some oil but have not been considered 
as of major importance. 

The Permian rests conformably upon a body of Pennsylvanian 
blue shale from 300 to 450 feet thick. Below this lies the main oil 
zone, a series of interbedded shales and sandstones with thin lime- 
stones. It is from 250 to 350 feet thick and contains from two to five 
distinet sands depending upon the location. Beneath this zone is a 
body of Pennsylvanian roeks consisting mainly of blue shales but 
containing some oil and gas sands, water sands, and thin limestones. 
This zone is only 50 feet thick at the erest of the structure but thickens 
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rapidly to the south where more than 500 feet have been measured. 
Below these beds lies a thin irregularly scattered deposit of limestone 
pebbles. It is known as the Frank conglomerate and represents the 
erosion surface of the Viola limestone of the Ordovician. 


Er by 
ZA 
ry | 


om 


Cir +3 


R2W 


eet 


Fig. 144.—Subsurface contour map of the Healdton pool, Oklahoma. Con- 
tours on the top of the Healdton sand zone, interval 50 feet. After Bartram, J. 
CeedudeOavignliymeAGEAe > Op Ulli ViOls os Dsedaay) Low. 


Accumulation in the different beds is naturally complicated. 
First, the individual beds are lenticular as a result of their deposition 
upon the flanks and above the highly eroded surface of the water- 
covered reef. Secondly, they have been tilted through differential 
compacting. Lastly, they have been subjected to a renewal of the 
orogenic movements that caused the initial uplift and folding of the 
area. The main period of subsequent folding was the latter portion 
of the Permian, but it is possible that there was some uplift during 
the early Permian and even during the Pennsylvanian. In all of 
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these later movements differences in the thickness of the incompetent 
overlying strata and in the position of the surface of the covered 
competent beds were factors of importance. The area in which oil 
has accumulated is characterized by domes and saddles of small size. 
These do not appear to be common in the areas farther away from the 
centers of the covered peaks as shown by the drill. 

The location of the Healdton structure is shown rather definitely 
in the overlying Permian. However, dips do not have the same steep- 
ness as those in the lower portion of the Pennsylvanian. Less is 
known about the character of the underlying Ordovician. 

Robberson Pool, Oklahoma.'—The Robberson pool in’ Garvin 
County, Oklahoma, presents some points of similarity to the Healdton 
pool. This pool lies north of the belt of folding of the Wichita and 
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Fig. 145.—Subsurface contours on the surface of the ‘‘Robberson Hills.’? 
Contours in depths below sea level, interval fifty feet. After Denison, A. R.: A. 
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Arbuckle Mountains. It was opened up in 1920 by the drilling of 
a small gas well. Later larger gas wells were completed; and in July, 
1921, the discovery of oil was made. Two of the oil wells drilled had 
initial productions of more than 8,000 barrels daily. The average 
production was much smaller than this, however, and the decline of 
the wells especially rapid. As a result the pool has not been one of 
major importance although a substantial producer. 


- Data from: Denison, A. R.: The Robberson Field, Garvin Co., Okla., A. A. 
Fn Gry Bulle) VOl viens 625-644, 1923, 
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The productive area is one that is marked by scarce and unsatis- 
factory exposures of outcrops. The only agreement between eeolo- 
gists who have worked over the surface has been with regard to the 
existence of an abnormal south and southwest dip. As the normal dip 
of the area is toward the north, this was considered as sufficient to 
warrant the starting of a test hole. The change in dip was found to 
coincide with the axis of the fold. 

The first wells completed obtained production from a lenticular 
sand horizon in the Permian. According to Denison, the lenticularity 
makes it possible to contour only by the use of the upper surface of 
this producing horizon as a marker. The map produced in this way, 
however, gives adequate indication of the existence of an anticlinal 
fold and shows also the presence of typical domes and saddles. The 
sands contained in the horizon appear to contain no water, but gas is 
found in the normal relation. 

None of the producers in this zone yielded more than 250 barrels 
daily. In 1922 a well was drilled through the Permian sand horizon 
into an underlying partly crystalline sandy limestone. It gave a 
yield of more than 1,000 barrels a day. The horizon was penetrated 
by other wells and found to be entirely different in character and 
structure from the Permian zone above it. The oil contained was 
under high pressure and was intimately mixed with water in some of 
the wells. In fact a number yielded an oil-water emulsion, which 
proved to be difficult to break down. The Pre-Permian horizon has 
a definite and regular north dip. To the south of it igneous rock 
has been found. A map drawn upon the contact of the Permian beds 
and the underlying mass, generally considered as of Ordovician age, 
shows much the same general outline as that of the contour map of 
the Permian producing horizon. 

Analysis of the data presented suggests that a contour map of 
contact zone is the topographic contour map of a Pre-Permian hill 
which was buried beneath Permian deposits. The absence of wells 
other than a few inconsequential producers to the south side of the 
fold, together with the marked lenticularity and ‘‘gravelly’’ nature 
of the beds to the north, indicates the existence of near shore conditions 
of deposit. The position of the oil also points to accumulation from 
the north rather than from the south. 

Part of the similarity between the Permian structure and the Pre- 
Permian topography may be traced to differential settling. It would 
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appear that there have been some movements in the underlying base 
in addition, probably at the close of the Permian. 
The oil contained in the Pre-Permian horizons comes from points 
varying from four to 402 feet below the base of the Permian. The 
subsea level of the producing section varies in different wells. There 
is no definite knowledge as to whether the oil comes from a single 


NORTH SOUTH 
CROSS-SECTION 
ROBBERSON BURIED HILLS 


Fie. 146.—Diagrammatie cross-section showing attitude of beds in and above 
the ‘‘Robberson Hills.” After Denison, A. R.: A. A. P. G. Bull., Vol. 7, p. 633, 
1923, 


stratum. Several shows of oil have been found at varying depths. 
Wells have obtained oil from both porous erystalline limestones and 
from quartzitic sands. It would appear that all of the oil obtained 
below the unconformity had a common origin. However, the close 
proximity of large and small wells and the wide differences in the 
type of material containing the oil suggest a highly fractured and 
folded body of rocks. In addition the rocks were probably dissolved 
considerably by water action prior to their burial. 

Panhandle Structure, West Texas..—The Panhandle district of 

1 Data mainly from: 

Bauer, C. Max: Oil and Gas Fields of the Texas Panhandle, A. A. P. G. 
Bull., Vol. 10, pp. 733-746, 1926. 

Pratt, Wallace E.: Oil and Gas in the Texas Panhandle, A. A. P. G. Bull., 
Vol. 7, pp. 237-246, 1923. 
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the extreme northwestern portion of the state of Texas is one of the 
most important of the recent developments in oil production. Gas 
was discovered in Potter County in 1918. A number of large gas 
wells were drilled in the years following, but the distance of the 
district from any markets of sufficient size to warrant the cost of pipe 
~ lines tended to restrict the interest. In May 1921, oil was discovered 
in Carson County. Even then development was slow. The area was 
some distance from any refineries and had no pipe line connections. 
While other factors tended to keep interest down, the inability to 
comprehend the immense importance of the discovery was probably 
mainly responsible for the failure of operators to begin immediate 
development. The completion of several large wells in 1925 greatly 
increased interest in the area. Drilling began on a large seale. In 
1926, 683 wells were completed, of which only 30 were dry. The pro- 
duction reached the total of more than 24,000,000 barrels for that 
year. Activities were curtailed somewhat in 1927 because of the low 
prices of oil, but a considerable area remains to be tested. 

The importance of the area to the geologist lies first, in its size, 
and secondly, in the nature of the conditions under which the oil is 
found. The anticlinal structure is known to carry gas along its 
crest for a distance of over 90 miles. Oil has been found north of the 
axis at several points and one place to the south. Neither the extent 
of the oil area nor that of the gas have been outlined more than 
roughly. There is evidence to indicate that additional areas in the 
Panhandle section of Oklahoma may also be found to contain oil and 
gas in large quantities. 

The wells yielding oil average about 2,900 to 3,100 fect in depth. 
The first 800 feet encountered in drilling consist of red sandstone, 
red shale, and gypsum. From 800 to 1,800 is largely salt interbedded 
with gypsum and red-beds. From 1,800 to 2,100 there are red-beds 
interbedded with thin limestones and streaks of anhydrite. Below 
this there are 800 feet of limestone, shale, dolomite, and anhydrite 
beds. These vary in color from blue through grays to white. Below 
2,900 feet, or at a somewhat greater depth depending upon the sur- 
face topography and structural conditions, the wells enter a shaly 
layer with streaks of lime and anhydrite. Immediately below this, 
wells near the axis of the structure enter what has been called 
‘‘oranite wash.’’ This is made up of arkosic sands. It consists of 
sharply angular fragments of quartz and feldspar with minor amounts 
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of hornblende and other minerals. With this are small bodies of red 
and blue shales. 

The arkosic sand varies from a few feet in thickness at the tops of 
the domed areas along the axis to 250 feet or more on the flanks. It 
rests upon fresh crystalline igneous or metamorphie rock in the 
domed areas. In the basinal embayment areas, it reaches its maxi- 
mum thickness. In a number of wells drilled between four and five 
miles from the high points of the ridges as disclosed by the drill, the 
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Fig. 148.—Ideal eross-section of the Panhandle structure. After Bauer, C. 
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granite wash is apparently missing. The surface of the granite wash 
is not conformable with the shale and lime series above it. As the 
edge of the granite wash is reached, the thickness of the overlying 
beds is increased by the presence of limestone between the shale and 
the wash. 

Some of the wells on the flanks have drilled through the wash and 
encountered limestones, black shales, and even coals beneath. 

The structure of the area as shown by the outcropping beds is that 
of a major anticline. Contours of the surface beds, the only promi- 
nent one being the Alibates dolomite, show domed areas corresponding 
to the high spots on the underlying crystalline masses. They do not, 
however, reflect the exact slope of crystalline masses or the contours 
drawn on the lime horizon immediately above them. Two major 
faults are known. One lies to the south of the main axis. It has a 
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throw to the southwest of 1,400 feet in the Lower Permian. South of 
this there is a subordinate uplift roughly parallel to the main one. 
The second fault lies northeast of the major fold. Its throw is to the 
northeast and it measures 1,000 feet in the Lower Permian. Both 
faults die out toward the surface. 

The oil and gas are found in both the “‘Big Gme2 series and the 
granite wash. The granitic sands are coarse, carrying pebbles as 
large as peas and in some places even boulders. They appear to be 
stream or talus deposits that have been reworked to some extent by 
the waters of Permian seas. The portion of the limestone that yields 
oil is really a dolomite. It is frequently high in anhydrite also. The 
porous portion of the limestone is about 200 feet in thickness and 
contains several layers of from 15 to 30 feet thickness, which have 
sufficient porosity to contain oil. One of these is odlitic, while another 
contains vesicular openings. 

The gas oceurs at depths of from 1,600 to 2,400 feet along the crest 
of the structure down to 2,900 feet on the flanks. The first gas is 
found about 320 feet below the top of the Big Lime and at various 
intervals from there down for 500 feet. The oil lies in a horizontal 
belt whose upper limit is about 200 feet above sea level and whose 
lower limit is at or within 20 feet of sea level. ‘ 

The water level is considered to be a static one as it is practically 
the same throughout all of the district. Similarly the gas pressure 
ranges from 420 to 460 pounds per square inch throughout the whole 
area. This figure is considerably lower than would normally be ex- 
pected at such depths. One of the interesting features is that the gas 
pressure is the same regardless of the source, whether in the granite 
wash or in the dolomite. 

The gas-containing area was opened in 1918. The proved area 
early in 1926 was considered to include 325 square miles. Consider- 
able gas had been used and much lost through inability to control 
some of the wells, but no decline in pressure had been noted. The oil 
is of 34 to 87° Baume but differs from other Paleozoic oils in congeal- 
ing at the unusually high temperature of 50° F, 

It has been suggested that the arching of the beds above the 
granitic masses is the result of differential settling. The intense 
throw of the known faults and the high dips and closure on the lime- 
stone beds would make this doubtful from a quantitative standpoint 
if from no other. It seems more probable that the structure is the 
result of direct uplift along the axis of an older topographic feature. 


\ 
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The extent of the area affected and the amount of the vertical uplift 
would naturally give rise to the development of faults and folds. Tt 
the result of a series of uplifts, it would result in folding of the upper 
beds similar to the folds in the lower but smaller in intensity, 

Gemsah and Hurghada, Egypt.'—Two of the producing pools in 
Egypt yield oil from structures that are known to be connected with 
buried granite masses. These are the pools at Gemsah and Hurghada. 
Several wells at Gebel Zeit, a minor producing section, have produced 
oil from points adjoining outcropping granite. The Gemsah pool is 
the less important of the larger pair. The wells have been of large 
initial capacity, one completed in 1914 yielding 20,000 barrels a day. 
The decline in all cases was rapid, the wells going to water. This ap- 
parently came in through a highly porous, fissured rock. The reser- 
voir rock has been identified as a coral reef dolomite. The coral reef 
appears to have grown upon the top and sides of a granite mass. It 
probably formed a coral island in the Miocene sea. So far, produc- 
tion has been restricted to the coral area. 
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Fie. 149.—Cross-sections of the Gemsah and Hurghada oil pools, Egypt. 
After Powers, S.: A. A. P. G. Bull., Vol. 10, pp. 436 and 438, 1926. 


1 Data mainly from: Me 

Hume, W. F.: Report on the Oilfields Region of Egypt, Ministry of Finance, 
Cairo, 1916; also The Geology of the Egyptian Oil-field, Inst.. Pet. Tech. Jour., 
Vol. 7, 394-417, 1921. 

Powers, Sidney: Reflected Buried Hills in the Oil Fields of Persia, Egypt, 
and Mexico, A. A. P. G. Bull., Vol. 10, pp. 422-442, 1926. 
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aA 
TABLE 60.—COLUMNAR SECTION OF THE EGYPTIAN OIL AREA. 


Recent. Gravels and coral reefs. _ a ; 
. f Pecten series. Coral limestones with living and extinct fauna, 
Pleistocene. | Laganum series. gravels with igneous pebbles. 


Limestones and oyster beds with Ostrea Gigensis and Ostrea Virlete. 
Calcareous sandstones often oolitie with Tellina Lacunosa and Venus. 


Pliocene. Dolomitic limestones. Massive fetid limestones and gravels with 
flint pebbles, no igneous. : 
Upper. Massive gypsum beds and gypsum-clay series over a 
gypsum-salt or rock-salt series. 
Middle. Dolomitic limestones with fetid odour and sulphur. 
Miocene. J Globigerina marls and fish-scale beds with oil traces, 
dark limestones and dolomites. , 
Lower. Basal conglomerate composed of flint and limestone 
pebbles. 
Unconformity. 
( Vivid red and purple marls and clays, 
Read ie sometimes only yellow. | Especially 
OD AURIS brilliant when in contact with basaltic 
5 intrusions. 
o | (Yellowish or dark gypseous and salty 
= 1 Gypseous marls. < shales of mud or clay. Sometimes a 
=) \ clayey limestone. 
Green! and brown gypseous marls and 
| Croon neds J dark yellow limestones. White marly, 
Eocene. = Ae CRA l chalky limestones with some flint bands 
Land fish teeth. 
( Chalky marls—limestones in upper part 
Gardin | with many flint bands, decreasing 
re ectene towards base—highly gypseous, often 
© i darkened by impregnation with hydro- 
Es carbons, especially near voleanic dykes. 
4 | Nummulitic {Hard crystalline limestones and chalky 
(scarp) ~  gypseous marls, no flints but num- 
limestone. { mulites. 
Esna shales (Mze- Deep-sea marls and marly limestones. 
strichtian). 
: F . (Limestones and phosphate? beds with 
Ce ee ae ~  shark’s teeth. Shallower water sandy 
Lat times. 
Cretaceous. : ( Limestones with Ostrea exogyre. 
Cenomanian. + Here limestones replace lower sandy 
L phase. 
(Highly quartzose, false-bedded sand- 
Nubian. stones with many white quartz pebbles, 
; (calcareous in upper layers and shales. 
Ancient. Granites and porphyries with dykes of 


diabase and felsites. 
1 Color derived from glauconite and sulphates. 
2 Source of commercial supplies of phosphates. 
* After Thompson, A. B.: Oilfield Exploration and Development, Vol. 1, pp. 496-497, 1925. 

The bulk of Egypt’s production of more than a million barrels a 
year has come from Hurghada pool, about 31 miles southeast of 
Gemsah. The outeropping Miocene beds, consisting largely of clays 
and gypsum, have been folded in the form of an anticline. They rest 


unconformably upon sandy shales in the Upper Cretaceous. These 
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are apparently conformable with the underlying Nubian sandstone, 
but the latter rest upon a brecciated and weathered granite surface. 
The oil was found in the Upper Cretaceous sandy shales, in the Nu- 
bian sandstone, and in the porous weathered surface of the under- 
lying granite. It has been noted that the dips on the Cretaceous and 
the Nubian horizons are greater than those of the Miocene beds above 
them. 

The data indicate that the granitic core was an area of emergence 
and has been the center of uplift at various times during the periods 
in which sedimentation was taking place. 

Maidan-I-Naftun, Persia.'—Practically all of the oil produced up 
to the present time in Persia has come from the Maidan-I-Naftun 
structure in southwestern Persia. Geologic work was started here 
in 1894, but the first commercially productive well was not completed 
until i908. Since then the development has been steady, the produe- 
tion of the area reaching 35,000,000 barrels in 1925. A larger total 
probably could have been obtained had there been a market for it. 
The producing horizon is similar to that of Mexico, a highly porous 
dolomitized and cavernous limestone. It forms the upper eroded 
portion of the Asmari limestone. Part of the horizon may be con- 
sidered to be a weathered but not transported portion of the Asmari, 
but much of it is probably a detrital limestone made by reworking the 
disintegrated Asmari beds. 

The producing fold has not been fully outlined although the num- 
ber of producing wells is now large; and the amount of oil taken out, 
great. The general axis of the anticline is northwest-southeast. 
Over the main area of the fold, the Lower Fars or gypseous series 1s 
exposed. The northwest slope is apparently gentle and fairly regu- 
lar, but the southeastern flank is steeper and largely obscured by a 
thrust fault. The main anticline shows a complicated system of minor 
folds upon the surface. In the central part of the structure, these 
minor folds are simple and open in type. To the southeast they be- 
come more compressed, changing into isoclinal and recumbent folds. 

1 Data mainly from: 

Busk, H. G., and Mayo, H. T.: Some Notes on the Geology of the Persian 
Oilfields, Inst. Pet. Tech. Jour., Vol. 4, pp. 3-33, 1918. 


Richardson, R. K.: The Geology and Oil Measures of South-West Persia, 
Tnst. Pet. Tech. Jour., Vol. 10, pp. 256-296, 1924. 
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They contain minor reverse faults, which culminate in the Tembi 
thrust fault. 

The minor flexures in the Fars series do not appear to be reflected 
in the broad structure of the Asmari below. The explanation of this 
condition lies probably in the difference in the competency of the 
Fars and the underlying more massive Asmari and older limestones. 
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pig 150.—Cross-sections through the Maidan-I-Naftun structure, Southwest- 
ern Persia. After Richardson, R. K.: Inst. Pet. Tech. Jour., Vol. 10, p. 278, 1924 
oOo. 21S. : 
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There has been some tendency to think of this as a structure compara- 
ble to those in southern Oklahoma, which have just been discussed. 
Undoubtedly there was a period of uplift accompanied by some fold- 
ing at the close of the deposition of the Asmari and prior to the depo- 
sition of the overlying beds. 
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Richardson * has pointed out, however, that the junction between 
the two groups at their outcrop is conformable. There is evidence of 
a gradual overlap accompanying moderate tilting of the lower beds. 
The contact between the limestone and the gypseous series offers a 
good chance for the development of slip planes and has probably made 
movements along that contact comparatively easy. 

The history of structural movement in this area is bound up with 
the great Himalayan uplift of Tertiary time. The Bakhtiari Moun- 
tain folds to the northeast of the producing structure are roughly 
parallel to it. They are much more marked because of nearness to 
the thrust center. In the Maidan-I-Naftun and other folds, the cover- 
ing of plastic Fars beds has reacted to the intense thrust transmitted 
through the more competent limestones in a manner typical of in- 
competent beds under a limited amount of covering. The following 
interpretation of the geologic history as given by Richardson? seems 
to be a logical explanation of the structural conditions now present. 


Asmari Period—During which a great thickness of massive lime- 
stone was laid down. 

1st Phase of the Himalayan Movement—Initiation of earth move- 
ment. 

Fars Period—A period of relative quiescence during which slight 
and gradual uplift—a continuation of the initial earth movement— 
may have occurred. Argillaceous deposits and chemical precipitates 
were laid down under conditions of intense desiccation believed to 
end when the older Fars rocks were laid down. 

2d Phase of Himalayan Upheaval—Commencement of the first big 
upheaval, which continued throughout Bakhtiari times. 

Bakhtiari Period—During which the conglomerates and sands of 
non-marine origin were laid down under continued earth movement. 

3d Phase of Himalayan Upheaval—Final grand upheaval at the 
close of Bakhtiari Period. 

Pleistocene and recent deposits. 


The Granite Ridge of Kansas.—The granite ridges or buried 
Nemaha Mountains of Kansas are the outstanding feature of the 
westward sloping monocline of eastern Kansas. The main ridge ex- 
tends southward from Nebraska in a southerly direction through 
Kansas. In southern Nebraska it lies within 500 feet of the surface. 


1Idem, p. 281. 
2Idem, p. 275. 
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In the Augusta pool of Kansas, it was reached at 2, 865 feet. Similar 
ridges have been located in a general way to the east and west of the 
main one. The main ridge is known to have been emergent through- 
out much of the Mississippian and the Early Pennsylvanian. In the 
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Mig. 151.—Sketch map of Eastern Kansas and Northeastern Oklahoma show- 
ing distribution of ‘‘Granite Wells’’ (black dots) and several extensive anticlinal 
folds (heavy black lines). After Fath, A. E.: U.S. G. S. Prof. Paper 128, Plate 
XIV, 1920. 


southern part of Kansas, the granite did not show at the surface but 
was overlaid by arched Ordovician or other Pre-Mississippian rocks. 
The granite ridges also extend southward into Oklahoma. Here they 
are more deeply buried, especially toward the western portion of the 
producing areas. At Cushing granite was found at 3,670 feet. The 
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importance of the granite ridge of Kansas, about which most is known, 
is that it served at least partly to divide the Mississippian and Early 
Pennsylvanian seas of the Mid-Continent area and to promote sand 
deposition along its flanks. In addition, it was a continuously posi- 
tive element tending to rise and arch the strata above it. 
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Fig. 152.—Diagrams representing successive stages in the inferred history ot 


the Nemaha Granite Ridge, east central Kansas. After Moore, R. C.: A. Ae Ge 
Bull., Vol. 10, p. 211, 1926. 
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Eldorado and Augusta, Kansas.'—The first recognition of the 
importance of the granite ridges came with the development of two 
large pools in Kansas, the Eldorado and the Augusta pools. The first 
is immediately north of the second. The exposed formations are of 
Permian age. Beneath the Permian lie upper and middle Pennsyl- 
vanian. Except for a very small portion of the Cherokee formation, 
‘all of the lower Pennsylvanian appears to be absent’in the area of the 
pools. Similarly, the Mississippian, Devonian, and Silurian are all 
absent, the Pennsylvanian resting directly upon the Ordovician. The 
top of the Ordovician represents the old land surface of a truncated 
anticline. Cherty limestone is shown by the drill to mark the highest 
portion of the anticline in the Ordovician. On the flanks remnants 
of an overlying sandstone of Pre-Pennsylvanian age occur. Below 
the Ordovician cherty limestone the drill found a series of massive 
limestones overlying a granite surface. 

Oil has been taken from horizons known as the 500-, 700-, 1,700-, 
2,000-, and 2,500-foot sands. An important stray sand was found 
75 feet above the 1,700-foot horizon, and gas has been found in sands 
reached at 900, 1,125, and 1,475 feet. The upper sands are lenticular 
and are hmited to parts of the structure. The 1,700- and 2,000-foot 
horizons are lime sands. While continuous, their production was 
restricted to the domed areas of the structure. The 2,500-foot or 
Stapleton zone has proved to be the most important horizon in the 
pool. This zone represents the contact between the Pennsylvanian 
and the underlying eroded surface of the Ordovician. In the eenter 
of the structure, it is a porous cherty lime; and on the sides, a sand. 

The Augusta structure is elongated along a definite axis, but the 
closure on the Eldorado is triangular in form. Within its main strue- 
ture are a number of small domes, locally known as the Shumway, 
Bayer, Oak Hill, Chesney, and the Wilson. The closure on the sur- 
face rocks is 180 feet, but that on the Stapleton zone is 450 feet. The 
difference in closure on the beds between these extremes increases 
steadily with depth. 

While part of the closure on the Stapleton may be attributed to 
Pre-Pennsylvanian erosion, the bulk should be attributed to Pennsyl- 
vanian and Permian folding. Decrease in the intensity of the folding 
with approach toward the surface is considered to be largely due to 
the continuous nature of the movement causing the folding. It eould 

1 Data mainly from Fath, A. E.: Geology of the Eldorado Oil and Gas Field, 
Butler County, Kansas, State Geological Survey of Kansas, Bull. No. 7, 1921. 
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Fig. 153.—Outline structure map of the El Dorado pool. Adapted from 
Fath, A. E.; State Geological Survey of Kansas, Bull. 7, Plate XIV, 1921. 
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hardly be considered as due to differences in the amount of sediments 
laid down upon the old erosion surface, as it persists in the upper 
horizons as well as the lower ones. The amount of the increase in 
closure on three of the domes at El Dorado has been shown by A. E. 
Fath! to be as follows: 


Wilson Dome Chesney Dome Oil Hill Dome 
SKUMAEEKGO TOOK, wang couacesnucece 40 feet 20 feet 30 feet 
HELO) toro uae! (AON). oo sec aeece 60+ ‘ 40 50 is 
Stapleton sand (2400).......... 100+ “ 80+ “ 80 


Cushing, Oklahoma.?—The Augusta-El Dorado area was opened 
up in 1916. The existence of the marked unconformity was recog- 
nized early and the presence of granite proved by the drill in Augusta 
in 1918. Practically the whole of the development of Cushing was 
completed before the finding of granite and the realization of the 
existence of a deep productive unconformity. 

This famous pool was discovered in 1912, when production was 
developed in the Wheeler and Layton sands at 2,100 and 1,400 feet, 
respectively. Both of these sands were substantial producers but 
were not productive of the yields that later caused Cushing to domi- 
nate the petroleum industry of the world. In December of 1913, the 
pool appeared to be on the decline, when a 2,000-barrel well was com- 
pleted at 2,600 feet. This horizon was called the Bartlesville by the 
drillers because of its relationship to the overlying beds. Production 
from this horizon was increased rapidly by the drilling of a large 
number of wells, the yield going above 300,000 barrels a day in 1915. 
The production for that year reached a total of 70,000,000 barrels, or 
one-quarter of the total production of the country. In 1921 a deep 
test found granite at 3,670 feet in the center of the Shamrock dome. 
After this came a gradual realization of the complicated character of 
the deeper structure. This realization has been supported by later 
data. 

The Cushing structure is one of the best known examples of an 
anticlinal fold crossed by producing saddles. On this fold there are 
five definite domes and four saddles. The largest of the domes is the 

1U. 8. G. 8. Prof. Paper, No. 128, p. 83. 

2 Data mainly from: 

Beal, C. H.: Geologic Structure in the Cushing Oil and Gas Field, Okla., and 
Its Relations to the Oil, Gas and Water, U. 8. G. 8. Bull., No. 658, 1917. 


Buttram, I'rank: The Cushing Oil and Gas Field, Okla., Okla. Geol. Survey, 
Bull. No. 18, pp. 1-60, 1914. 


Gardner, J, H.: Discussion in Pet. Dev. and Tech. in 1926, pp. 647-648. 
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northernmost or Dropright. Its 
erest is 100 feet higher structurally 
than the elevation of the Wheeler 
saddle immediately to the south of 
it, when contours are drawn upon 
the outcropping Pawhuska lime- 
stone. In the Layton sand, which 
hes about 1,450 feet below the 
Pawhuska, the closure on the Drop- 
right dome is nearly 200 feet. The 
closure in the Wheeler sand is some- 
what more and in the so-called 
Bartlesville is placed at nearly 250 
feet. The Dropright dome was 
largely gas-covered in the Wheeler 
and the Lawton sands. In the 
latter the Wheeler saddle was an 
important source of oil. In the 
deeper Bartlesville horizon, the 
ereater thickness of sand and the 
smaller quantity of gas have caused 
the oil and gas to be concentrated 
in the Dropright dome. The 
Wheeler saddle in this horizon con- 
tains only water. 

South and a little east of the 
Wheeler saddle are the Drumright 
and Mount Pleasant domes sepa- 
rated by a narrow and compara- 
tively shallow unnamed saddle. 
Gas is found in the Wheeler and 
the Layton in both the domes and 
the saddle area separating them. 
In the Bartlesville a little free gas 
was found in the domes, but they 
and the saddle are known mainly 
for their yield of oil. 

The bulk of the oil of the Lay- 
ton and Wheeler sands was found 
in a broad comparatively flat area 
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to the southwest of the Drumright Dome, known as the Wheeler Ter- 
race. The concentration of gas in these horizons in the eastern por- 
tion of the structure cannot be explained wholly by structural condi- 
tions, the edges of both oil and gas zones being higher structurally to 
the east than to the west. On the east, gas and water are practically 
in direct contact. This would indicate that in these upper horizons 
the movement of the oil and gas was from the west. The production 
of oil from the Bartlesville is limited to the slightly higher eastern 
portion of the terrace. 
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Fig. 155.—Sketch section along south line of T. 18 N., R. 7 E., through the 
Drumright dome, showing the stratigraphic relations of the Pawhuska limestone 
and the Layton, Wheeler and Bartlesville sands, the increase in the Layton-Bartles- 
ville interval, and the inclination of the water surfaces. After Beal, C. H.: U. 8. 
G. 8. Bull. 658, p. 30, 1917. 
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Southeast of the flat terrace area is a dome known as the Sham- 
rock. Except along its western edge, where some oil has been ob- 
tained, it is important only as a source of gas in the upper horizons. 
It is an important source of oil from the Bartlesville. South of the 
Shamrock dome the surface contours show no further irregularities 
along the southward dipping axis of the fold. The subsurface maps 
show the presence of a small domed area before the rapid dip starts. 
The slight depression between this unnamed dome and the Shamrock 
dome is known as the Shamrock saddle. The distribution of oil and 


gas in this section was much the same as it was in the area to the 
north. 
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The closures on the other domes increase vertically with depth in 
somewhat the same manner as they do on the Dropright dome. Some 
irregularities have been noted in the rate of increase that tend to 
indicate that folding or uplift has not always occurred at the same 
place at the same time. These are noticed especially in the eastern 
portion of the area where the shallow horizons were mainly gas-pro- 
ducing. As these were penetrated during a mad scramble to reach 
the Bartlesville, the accuracy of the records may be questioned a little. 
The only assumption that appears warranted is that there is a steady 
downward vertical increase in the closure throughout the structure as 
a whole. On the average, the rate of increase appears to be greater 
between the surface beds and the Layton than below the latter. The 
condition indicated is one of slight folding or possibly merely com- 
pacting prior to one of more marked folding during the period fol- 
lowing. Folding undoubtedly followed the period of later sedimenta- 
tion and affected the area as a whole. 

The Bartlesville has been discussed as if it were a single strati- 
graphic unit similar to the Layton and the Wheeler. This was as- 
sumed to be the case throughout all of the development period. It is 
now recognized that this is not true and that the greater portion of 
the production came from the Wilcox and siliceous lime horizons of 
Pre-Chattanooga age. The underlying formations were subjected to 
intense upfolding prior to the Pennsylvanian. The area formed by 
the uplift was then subjected to intense erosion, probably as much 
as 1,300 feet of sediments being removed from the center of the fold. 
Over the top and on the sides of the remains of the fold, the Cherokee 
shales were deposited during Early Pennsylvanian. In parts of the 
area, these appear to be in contact with the siliceous lime, in others 
with the Simpson and Wileox sands. The true Bartlesville occurs 
off to the side of the structure. 

Seminole District, Oklahoma.'—The first well in this famous 
Oklahoma district was completed on March 7, 1926. The oil was 
obtained from the Hunton lime, a formation which had produced 
relatively little oil in other parts of Oklahoma. In July of the same 
year two wells were completed which proved the existence of oil in 
the underlying Wilcox sand. As one of these was of the gusher type 

1 Data mainly from; 


Lovejoy, J. M.: The Seminole Oil Fields, Mining and Metallurgy, Vol. 8, 
pp. 848-350, 1927. 


Powers, Sidney: The Seminole Uplift, Oklahoma, A. A. P. G. Bull., Vol. 11, 
pp. 1097-1108, 1927. 
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and as leases in the area were distributed among a large number of 
concerns, the development was rapid. The original discovery was 
named the Seminole City pool. Its production rose steadily, the 
peak being reached when a yield of 253,000 barrels daily was obtained 
late in February of 1927. 


ROMER R.6 E. R7 W. ° 


Searight 


Latlsboro 


Seminole City 


204 


® Bowlgs 


Little River 


Fie. 157.—Sketch map of the Seminole District, showing developed pools and 
prospect wells producing under shut-down agreement as of January, 1928. 


Late in 1926 equally sensational pools were discovered at Earls- 
boro and Bowlegs. Important but smaller pools were found at Sea- 
right and Little River. The former was discovered in October of 
1926; and the latter, in July of 1927. Within twelve months after the 
discovery of oil in the Wilcox horizon the yield of the whole section 
reached a total of approximately 75,000,000 barrels. The crest pro- 
duction for the district came on July 30, 1927, when 527,000 barrels 
of oil were obtained. Practically all of this came from the Wilcox 
sand and averaged 40 degrees Baume in gravity. 

The production fell below 400,000 barrels daily before the close 
of 1927. The decline was due in part to natural decline of the wells 
with decreasing gas pressure and in part to the rulings of a shut-down 
agreement which postponed the drilling of wells near tests which had 
demonstrated the existence of other pools in the district. 

The surface beds in the area are of Pennsylvanian age. The nor- 
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mal dip is westward and the rate about seventy feet to the mile. The 
outcropping beds are not suited to accurate contouring. However, 
careful work on the surface has proven the presence of a number of 
anticlinal flexures of the nose type and of a series of small échelon 
faults. The latter are most pronounced in range six east. They have 
definite northwest to southeast strikes. The number of the faults 
together with the position of the area midway between the strong 
Cushing structure to the north and the Arbuckle Mountains to the 
south led to the conclusion that they were surface indications of pro- 
nounced folding in the deeply buried Pre-Pennsylvanian strata. 


+ + * 
TABLE 61.—PRE-PENNSYLVANIAN PALEOZOIC HORIZONS IN THE SEMINOLE DISTRICT. 


Lower Caney—150 to 450 feet (Lower 20 to 200 feet called 
Mayes)—Dark brown to black shale, granular calcareous grit. 

Syeamore Lime—0 to 10 feet—Green, glauconitie shale and 
lime. 

Mississippian Woodford (Chattanooga)—10 to 140 feet—Dense, brown to 

black pyritie shale, cherty at top. 

Misener Sand—0 to 15 feet—Irregular, round-frosted and 
subangular sandstone. 


: a ee ‘ Hunton Lime—0 to 150 feet—White to pink crystalline 
Devonian-Silurian { ‘ 
Timestone. 


. ( Sylvan Shale—15 to 110 feet—Greenish gray to gray, fine 
etiacian grained, pyritic shale, often darker toward base. 
: Viola Lime—20 to 70 feet—Coarsely crystalline, white and 


gray, sometimes pink, 


Dense, buff to brown lime, imperfectly dolomitized, particu- 
larly sugary in texture toward base. 

First Wileox Sand—70 to 125 feet—Irregular sized, round- 
frosted and subangular sand, limy. 

Second Dolomite and Green Shale—0 to 40 feet—Brown, 
sugary lime, may be sandy, and dark green shale. 

Second Wilcox Sand—Evyen grained, subangular sand 
lime, no shale. 

Simpson Sand and Green Shale—Uneven grained, round- 
| frosted sand and dark green shale, not limy. 


‘ 

| 

{ 

| Simpson Lithographic-Dolomitie Limestone—0 to 75 feet— 
Ordovician 4 


no 


* Adapted from section prepared by Micropaleontological Society of Tulsa, 0. & G. J., Feb. 2, 1928, 
p70. 


The general accuracy of this conclusion was fully demonstrated 
by the discovery of the Seminole City pool. Beyond this it is not 
possible to make definite statements about the relationship between 
surface structure and the structure of the Ordovician beds. A major- 
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ity of the discovery wells of the district were located on surface noses. 
However, a number of dry holes were located at points having similar 
surface structure. Noses in surface beds have been found to overlie 
synclinal as well as anticlinal parts of the productive horizon. All 
of the producing sections may be described ag sharply defined anti- 
clines in the Wilcox series. The shallowest production in the Wilcox 
is found at a subsea level of 2,950 feet, the deepest about 500 feet 
lower. Water under pressure marks the edges of production in all 
of the pools. Contours drawn on the Viola limestone, a definite 
marker horizon immediately above the Wilcox sand, show the deeper 
horizons to be folded into a number of minute close folds. Possibly 
faults of large throw but limited horizontal extent are also present. 
Differences in elevation in offset wells of 200 feet are not unusual. 

A small amount of oil has been secured from the Earlsboro sand, 
a horizon in the lower part of the Pennsylvanian. This only faintly 
reflects the intense uplift and folding of the underlying Pre-Pennsyl- 
vanian rocks. <A relatively thin section of Mississippian beds of vari- 
able thickness separates the base of the Pennsylvanian from the under- 
lying eroded surface of the Hunton lime and the Sylvan shale of the 
Siluro-Devonian. The Mississippian beds have been folded more than 
the Pennsylvanian, but the major period of uplift appears to have 
occurred immediately after the deposition of the Hunton lime. The 
period of erosion immediately following the uplift removed a large 
part of the Hunton lime, particularly in the highest parts of the up- 
lifts. Thus while the Hunton is frequently found to contain oil, the 
best locations from a structural standpoint are those where it is too 
thin to be an important producer. In these sections the Wilcox sands 
of the Simpson formation have served as excellent containers for the 
oul. 

Tonkawa, Oklahoma.'—The prominent Tonkawa pool is located 
in Townships 24 and 25 North and Range 1 West in Kay and Noble 
Counties, Oklahoma. It is one of the most important pools that have 
been developed in the western portion of the North Mid-Continent 
area. The discovery well was completed in June, 1921, but the drili- 

1 Data mainly from: 

Clark, G. C., and Aurin, F. L.: The Tonkawa Field, Oklahoma, A. A. P. G. 
Bull, Vol. 8, pp. 269-288, 1924. 

Clark, G. C.: Wilcox Sand Production, Tonkawa Field, Oklahoma, A. A. P. G, 
Bull., Vol. 10, pp. 885-891, 1926. 

Hosterman, J. F.; The Tonkawa Oil and Gas Field, Oklahoma, A. A. P. G. 
Bull., Vol. 8, pp. 284-800, 1924. 
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ing of several dry holes near it indicated that the structure was likely 
to prove one of limited and spotty nature. Later operations dis- 
proved the early assumption, the original test being found to have 
been located on the extreme southern end of a terrace-like extension 
of the main structure. The development of the main pool began 
during the last part of 1922 and was carried on with great energy 
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Fic. 158.—Map showing position of some of the producing pools in northern 
Oklahoma, After U. 8S. Geological Survey. 


throughout 1923. The pool, together with Burbank, dominated the 
producing industry of the Mid-Continent area. All of the producing 
sands were of Pennsylvanian age. These began to decline in 1924. 
However, oil was discovered in the Wilcox horizon in that year, and 
the total production rapidly revived. The production of the whole 
pool to the close of 1926 was approximately 88,000,000 barrels, of 
which the Wilcox sand had contributed nearly 36,000,000. All of the 
oil irrespective of horizon was of high quality. 

The surface beds are Permian and do not lend themselves to 
accurate contouring. The first marker horizon encountered in drill- 
ing is the Pawhuska limestone, which lies immediately above the 


ACCUMULATIONS IN COMPLEX STRUCTURES 467 


Hoover sand series. The Hoover zone is between 150 and 230 feet 
in thickness and contains three sands: Upper, Middle, and Lower. 
The Middle sand merges with the Upper in some parts of the struc- 
ture and always contains water. The Upper and Lower Hoover 
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Fig. 159.—The Tonkawa pool. Contours on the Lower Hoover sand, After 
Clark, G. C.: A. A. P. G. Bull., Vol. 10, p. 886 insert, 1926. 


sands contain oil, but the productive area of the Upper sand is limited 
to the highest parts of the major fold. The Lower Hoover produe- 
tion declined rapidly with decrease in the gas pressure. This zone 
is about 2,000 feet below the surface. 
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Fig. 160.—The Tonkawa pool. Contours on the top of the White Lime im- 
mediately above the Wilcox Sand. Wileox Sand wells as developed to June 4, 
1926. After Clark, G. O.: A. A. P. G. Bull., Vol. 10, p. 886 insert, 1926. 
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About 70 feet below the Lower Hoover is the Carmichel sand. 
This is a comparatively thin sand and is generally of little importance. 
Below this the drill showed the presence of a somewhat thicker sand 
called the Endicott. This has given some large wells but is more 
commonly a water horizon than an oil producer. 

The major producing horizon during all of the early development 
was the Tonkowa or ‘‘2,600’’-foot sand. This sand has been found 
to be 100 feet thick in some parts of the structure and was apparently 
free from major shale breaks. On the crest of the structure, the sand 
was found to be entirely free of water. Down the flanks a definite 
edge water was found below the oil. The wells were of the gusher 
type but also showed fairly good staying qualities. 

In the lower portion of the Pennsylvanian, several sands were 
found, but they proved to be of little importance as oil sources. All 
interest in horizons below the Tonkawa has centered in the Wilcox 
since its discovery in 1924. This horizon was found at a depth of 
4,000 to 4,400 feet depending upon the position of the well with re- 
spect to structural conditions. The Wilcox consists of two pay hori- 
zons, the upper 40 feet thick and the lower 60 to 120 feet in the thick- 
ness, separated by a barren zone of 20 to 30 feet. 

The structure of the area as outhned upon the Pawhuska, Hoover, 
and Tonkawa sands, shows very little which might be called unusual. 
The structural maps of these horizons are very similar and show a 
very strongly developed fold having a closure of about 125 feet. The 
axis of the major fold shows a northwest to southeast trend but curves 
to the southward and slightly to the west in the southern portion of 
the structure. The slope to the west is relatively gentle, but that to- 
ward the east is very abrupt. There is no evidence of faulting. The 
Tonkawa and the sand bodies above it are regular. The thickness of 
the shales above the center of the structure is considerably less than 
that on the sides, however. The interval between the Herington 
limestone close to the surface and the Tonkawa sand shows a di- 
vergence of 80 feet. 

The divergence between marker beds in the Pennsylvanian below 
the Tonkawa appears to be of the same order as in the beds above. 
However, the bottom of the Pennsylvanian rests unconformably upon 
a Pre-Pennsylvanian base. This shows distinct evidence of having 
been subjected to long erosion. Within the limits of the producing 
area alone, there is a variation of from 150 feet down to nothing in 
the thickness of the Mississippi lime. The underlying Chattanooga 
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shales are entirely missing from the highest parts of the structure. 
A white limestone lying between the shale and the Wilcox series has 
resisted erosion and remains over practically all of the structure. 
The abruptness of the line separating the producing area of the 
Wilcox on the southwest from the barren area on the northeast and 
the marked difference in the character of the deeper portions of the 
wells and in the depth to the Wilcox show conclusively the presence of 
a major fault. The throw is to the northeast and is indicated as be- 
ing about 300 feet. 
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Fig. 161.—Cross-section of the Tonkawa pool along line BB of Fig. 160. 
Horizontal scale one half of vertical scale. After Clark, G. C.: A. A. P. G. Bull, 
Vol. 10, p. 889, 1926. 


The fault is not reflected except by folding of much less vertical 
intensity in the overlying Pennsylvanian and Permian strata. Yet 
the fold in those beds is distinet. The only possible conclusion is 
that there have been two periods of dynamic action here. The first 
was probably at the close of the Mississippian and the second subse- 
quent to the deposition of the Permian beds. The major faulting 
was evidently an outgrowth of the first period. There may have been 
some faulting along the same line in the later action, but this was 
not reflected by faults in the upper strata. The thickening of the 
shales may be considered as partly due to compacting or to deposition 
upon a base that was being subjected to some uplift. It is also possi- 
ble to consider the thickening on the flanks as the result of the less 
competent nature of these beds. 
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Thomas Pool, Oklahoma.'—The Thomas pool in the southwestern 
portion of Kay County in Oklahoma is not comparable in importance 
with its neighbors, Tonkawa and Garber, but in the first three years 
of its existence yielded about 5,000,000 barrels of oil. The discovery 
well was drilled in May, 1924. It obtained production in a sand at 
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Fie. 162.—Thomas Pool, Kay County, Oklahoma. Structure Contours on the 
top of the Pawhuska limestone. Interval 25 feet. After Clark, S. K.: A. A. P. 
G. Bull., Vol. 10) p. 654, 11926. 


2,050 feet called the Thomas sand. This and two other sands, one at 
1,900 feet and the other at 2,600, gave a small production from the 
Pennsylvanian. They corresponded roughly in position with the pro- 
ductive sands above the Tonkawa in that pool. 

One of these shallow wells was deepened and found the Wilcox 
sand at a depth of 3,955 feet. This horizon was rapidly outlined by 
the drill and has given the bulk of the production obtained in the pool. 

The structure on the shallow Pawhuska limestone shows a slightly 
elongated dome. That of the Layton horizon at a depth of 3,400 feet 
and near the bottom of the Pennsylvanian shows much the same gen- 

1 Data from Clark, Stuart K.: Thomas Oil Field, Kay County, Oklahoma, 
A. A. P. G. Bull., Vol. 10, pp. 643-655, 1926. 

31 
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eral outline. Dips are stronger, and the form more triangular with 
a longer axis to the northeast. The bottom of Pennsylvanian rests 
unconformably upon a Pre-Pennsylvanian surface. In the center of 
the structure, this is the Wilcox series. Off to the sides, the ‘‘ white 
lime,’’? Chattanooga shale, and Mississippi lime are exposed. Con- 
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Fie. 163.—Thomas poo!. Structure contours on the top of the Layton Sand. 
Interval 25 feet. After Clark, 8. K.: A. A. P. G., Vol. 10, p. 653, 1926. 


tours drawn upon the surface of the Pre-Pennsylvanian rocks show 
a sharply defined peak rising to the northeast. The slope of the peak 
to the southwest is gradual, but on the north and east sides its edge 
descends abruptly. The same form was shown by contours drawn 
upon the ‘‘white lime’’ and has been considered by Clark to indicate 
the presence of two strong faults. 

While the bulk of the oil was taken from the Wilcox, some was 
also obtained from chert at the top of the Mississippi lime in the west- 
ern portion of the uplifted area. This is on the gently sloping por- 
tion. Some oil has been found immediately east of the eastern fault, 
but the amount was small, and the areas away from the uplifted block 
have been marked by dry holes. 
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The structure in these lower rocks is undoubtedly the result of 
dynamic movements at the close of the Mississippian. The uplift is 
considered by Clark to have been approximately 1,000 feet in extent. 
The area was modified considerably before the deposition of the 
Cherokee shales by intense erosion. This seems to have removed some 
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Fig. 164.—Thomas pool, Kay County, Oklahoma. Topography and areal 
geology of Pre-Pennsylvanian surface. Interval 25 feet. After Clark, S. H.: A. 
APs Ga Bulls Violy 10; 7. 6025) 11926. 


400 feet of sediments from the center of the uplifted structure. Suf- 
ficient remained to impress its general outline upon the rocks above. 
The decrease in intensity is very rapid, the closure of the dome in the 
Pawhuska limestone being between 75 and 100 feet, that on the Lay- 
ton 200 to 225, and of the topographic surface of the Pre-Pennsylva- 
nian nearly 400 feet. While intermittent uplift and folding proba- 
bly assisted compacting in preserving some of the outline of topo- 
graphic surface, additional pronounced uplift probably occurred in 
the Pennsylvanian or Permian. The closure of over 200 feet in the 
Layton would be difficult to explain otherwise. 


GEOLOGY OF PETROLEUM AND NATURAL GAS 


474 


CAS ¢ A (Ge 3 5 : A > Fi rai Frei A 
9361 ‘L249 “Ed “OL TOA “IME “Dd “VV O'S “ALBIN doyzy ‘ood semoyT, oY} FO Wor}oOS-SsO1o Jsam-ISeq— OT “HLT 


JOR 
129A 1STROS 


SGOT ASSESS 
z ES 
Be SEE 
SSE 


LA rf ——000€- 


0008 - 
USES at TeowUouly ZeoWWOUL Y YeSPWOULY Yietz PUCT ICONS Lp 72 PUPT L0OUDE ees 


odin ae{reD ue} ww TeSZ PUT TOOUDS 
pusireyt PUMICE PpUsIren puvisreyt pUsIieyi 


ACCUMULATIONS IN COMPLEX STRUCTURES 475 


Tamasopo Ridge, Mexico..—Probably the most famous single 
producing area in the world is the Knife Edge, Tamasopo Ridge, or 
Golden Lane structure of Mexico. This area lies west and northwest 
of the town of Tuxpam in the state of Vera Cruz. The productive 
area extends with minor interruptions caused by doming or local 
faulting for a distance of more than 50 miles in a general north-south 
direction. Its narrowness is indicated by the names applied to it. 
Since its development, beginning early in the present century, it has 
yielded nearly 900,000,000 barrels of oil. The bulk of this has been 
obtained from sensational wells, from which the oil flowed under a 
combination of high gas and water pressures. 

The expression of the structure in the upper horizons is not mark- 
edly different from that on other major folds. The slope of upper 
beds is comparatively steep on the western flank of the fold and gentle 
on its eastern side. The slope increases with depth on both sides to 
some extent. On the west side, it becomes abrupt when the bottom 
of the Eocene is reached and apparently changes into a major fault 
with its throw to the west. 

Erosion has complicated the contacts between the Eocene and the 
Upper Cretaceous and between the latter and the Lower Cretaceous. 
The source of the oil is considered to have been shales in the Upper 
Cretaceous, probably the San Felipe. The main production, however, 
has been obtained from the highly fissured cavernous upper surface 
of underlying Lower Cretaceous limestones. The name ‘‘Tamasopo”’ 
is generally used in reference to the oil-containing horizon, but geo- 
logically it is probably somewhat older and should more logically be 
called the ‘‘El Abra.’’ Some production has also been obtained from 
fractured portions of the overlying shales. 

Roughly traced, the history of the area appears to have been one 
in which erosion, sedimentation, and dynamic action have been re- 
peated several times. The original massive limestones, the E] Abra 
formation, were deposited and uplifted. Some folding probably oc- 
curred. After a long period of erosion, they were submerged and the 
limestones and shales of the San Felipe formation laid down upon the 
eroded surface. 

According to Powers, the deposition of the San Felipe was fol- 
lowed by the initiation of uplift accompanied by folding and normal 
downfaulting to the west. The faulting was apparently parallel to 

1 Mainly after Powers, Sidney: Reflected Buried Hills in the Oil Fields of 
Persia, Egypt, and Mexico, A. A. P. G. Bull., No. 10, pp. 422-442, 1926. 
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the ridge of the anticlinal fold now productive. It seems to have been 
similar in many respects to the faulting at Luling and at Mexia but 
on a larger scale. The major uplift and faulting probably occurred 
at the close of the Cretaceous. 
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Fic. 167.—Generalized east-west cross-section of the Cerro Azul area of the 
Tamasopo structure. After Small, W. L.: A. A. P. G. Bull., Vol. 10, p. 441, 1926. 


During the Eocene and possibly the later part of the Upper Cre- 
taceous, the ridge area was apparently subjected to erosion most of 
the time. The sediments of that time are either lacking entirely or 
very thin and of local distribution over the arched area. The down- 
faulted area to the west side was consequently the only area close to 
the fold which received any large amount of sediments during the 
later portion of the Upper Cretaceous and even during the Eocene. 
The area appears to have been refolded in the Oligocene. This fold- 
ing was of minor amount compared with the earlier but gave rise to 
a series of faint anticlinal arches which reflect the underlying condi- 
tions. 

This description of conditions has been taken largely from Sydney. 
Powers, whose analysis of the sediments and of the movements in the 


region is given in Table 62. 
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TABLE 62.—COMPARATIVE SECTIONS ON AND ADJACENT TO THE TAMASOPO RIDGE. 
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* After Powers, Sidney: A. A. P. G. Bull., Vol. 10, p. 442, 1926. 


Summary.—It is practically impossible to summarize the discus- 
sions of these complex producing areas. One point probably stands 
out more than any of the others that might be made; namely, the 
great length of the time elapsing between the beginning of the devel- 
opment of a structure and its completion. Where the arrangement 
of oil and gas in folded and faulted structures has been modified by 
sand conditions, the nature of those conditions can usually be traced 
to the continuance of dynamie forces similar to those which caused the 
development of the original structural form. Similarly, though the 
form of the deep producing horizon is to a large extent the product 
of dynamic action occurring before the upper beds were laid down, 
it generally shows some reflection of that action because the later 
forces have moved through the same general lines. Structures such 
as that at Big Lake, where there is practically no surface manifesta- 
tion of underlying structure, are happily not common. 


CHAPTER XVIII. 


EXPLORATION OF NEW AREAS. 


Scientific exploration in new areas is based upon conditions ob- 
served in sections in which production has been developed previously. 
Exploratory work is logically divided into two types. ‘The first deals 
with the search for areas in which the existence of commercial quan- 
tities of petroleum appears to be probable. The second includes all 
of the work that might be done in the determination of areas which 
would be considered structurally favorable to accumulation. In the 
United States and in all ether sections in which the drill has demon- 
strated the general existence of petroleum, the greater portion of the 
work of the geologist comes under the second heading. However, 
work of the first type is not entirely lacking. In less developed sec- 
tions, such as, interior sections of South America, Asia, and Africa, 
work of the first type is of major importance and must be carried on 
before detailed structural studies can be logically begun. 

Up to the present, the search for new areas that would be suitable 
for detailed study has been largely restricted to search for and exami- 
nation of reported surface indications of petroleum. Such indica- 
tions are found in nearly all of the world’s major producing areas. 
They cannot always be considered as being responsible for the de- 
velopment of the areas in which they occur. In some cases the find- 
ing of seepage indications did not come until after the discovery wells 
had been drilled. In other cases, while seepages and similar indica- 
tions were known, they were found at points some distance away from 
those in which the oil and gas were obtained in commercial amounts. 

Surface indications are of various types. Some authorities would 
include under this general heading outcrops of kerogen or oil shales. 
Others include ‘‘burnt shales,’’? beds in which the oxidation of bitu- 
minous matter has converted the shales into hardened brick-like red 
bodies. The author prefers to limit the use of the expression ‘‘surface 
indication’’ to those types of phenomena directly connected with oil 
or gas or with alteration products formed from them. Although the 
relationship is not fully understood, it seems advisable to consider 
paraffin dirt as one of the general group. The divisions which will 
be considered here are as follows: 

479 


480 (GEOLOGY OF PETROLEUM AND NATURAL GAS 


1. Oil seepages. 

2. Gas seepages and mud voleanoes. 
3. Solid bituminous residues. 

4. Paraffin dirt. 


Oil Seepages——The oil seepage may vary in size from the one 
which yields such insignificant quantities that it is barely able to 
form a thin scum over the surface of the water of a spring to one 
which gives a steady flow of sufficient size to be of commercial im- 
portance. Generally speaking, the active oil seepage is the most reli- 
able of all of the types of surface manifestations of petroleam. The 
large active seep is easily identified. This is not always true of the 
small and less active types. In populated areas the contamination of 
spring waters by waste lubricating oils has frequently led to errone- 
ous deductions. The casual observer is apt to confuse the iridescent 
film formed by iron oxide upon water surfaces with the film formed 
by oil. The chemical properties of the iron oxide film are naturally 
different from those of oil, and the difference is easily told by the ge- 
ologist. The iron oxide film is easily broken up if the water is agi- 
tated; this is not true of the oil film. 

Names such as Oil Spring in New York and Oil Creek in Pennsyl- 
vania indicate the early recognition of seepages in the Appalachian 
Field. Despite their relatively small size, such seepages were of 
sufficient importance to permit the gathering of oil and its sale for 
medicinal purposes before the drilling of the first well. Seepages in 
this Paleozoic area and in others of similar age were very small in 
size in comparison with those from the Tertiary and Cretaceous 
horizons in such countries as Roumania, Poland, Russia, the East 
Indies, Mexico, and Colombia. In many cases seepages from rocks 
of these ages have caused the formation of small ponds of oil. In 
Roumania, Alsace, Burma, Mesopotamia, Peru, and Russia, seepages 
have led to the digging of shallow trenches and pits into which the 
oil drained and from which it was collected and sold in substantial 
amounts. 

The source of seepage oil is frequently the outetop of the porous 
horizon, which at points away from that outcrop is found to contain 
oil and gas under substantial pressure. In other places the oil rises 
to the surface from a porous bed several hundred feet below through 
a series of more or less vertical fissures. 

Active oil seepages are not necessarily restricted to land surfaces. 
While many of the so-called oil ponds found on the surfaces of lake 
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and ocean waters are undoubtedly accumulations of waste oil washed 
out from land or given off by ships, some must be considered as com- 
ing from submarine seepages. Such occurrences have been noted in 
the Gulf of Mexico, the Caribbean Sea, and other water bodies ad- 
jacent to productive areas. 

The large active seepage may be considered as conclusive evidence 
of the present existence of oil, and of the probability that it is present 
in commercial quantities in adjacent structurally favorable areas. 
The small seepage, even where it has been definitely proved to be 
a true natural seep, cannot be considered as proving the presence 
of commercial quantities of oil in the immediate vicinity. Thus, 
though small oil seepages have been known for many years, drill- 
ing has not yet been able to demonstrate the presence of commer- 
cially workable quantities of oil in New Brunswick, Quebec, and 
Newfoundland. 

Gas Seepages.—Gas seepages are commonly associated with active 
seepages of oil. The greater mobility of gas makes its escape from 
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Fig. 168—An Active Oil Seep at Tierra Blanca, Mexico. Courtesy Pan- 
American Petroleum and Transport Corporation. 


within the crust much more rapid than that of oil. Thus many gas 


seepages are reported in areas in which oil seepages are not known. 
However, small seepages of gas are less readily recognized than those 


482 (GEOLOGY OF PETROLEUM AND NATURAL GAS 


of oil, the gas being colorless and being soon disseminated into the 
atmosphere. Small gas seeps are usually indicated by escaping bub- 
bles in the waters of springs. The larger ones may manifest them- 
selves in geyser-like explosions in which the loose dirt and water 
clogging the vents are thrown into the air. This type 1s known as 
the mud voleano. In others the flow is sufficiently large and continu- 
ous to support a steady flame. 

Petroleum gases are sometimes confused with gases of volcanic 
origin. The latter differ considerably in composition in most cases. 
Both types contain carbon dioxide, hydrogen sulphide, and nitrogen. 
The percentages of the first two are, however, usually small in the 
petroleum gas. The bulk of most petroleum gases is composed of 
hydrocarbons. Volcanic gases contain substantial percentages of 
chlorine, carbon monoxide, boron gases, and sulphurous compounds 
not usually found in petroleum gases. 

The most prominent of the hydrocarbon compounds found in 
petroleum is methane. This is also a product of decaying vegetation 
and is known as marsh gas. Thus identification of methane as the 
major constituent of a gas bubbling through the waters of a soil spring 
is Just as likely to indicate the presence of decaying vegetable matter 
as it is to show the proximity of petroleum. Similarly methane is 
one of the prominent constituents of gases found in coal mines. As 
a general rule, the identification of other hydrocarbons, ethane, pro- 
pane, butane, and similar volatile compounds, may be considered as 
proving the gas which contains them to be of petroleum origin. How- 
ever, this is not always conclusive, such compounds having been 
identified in some marsh gases. 

Gas seepages have been reported at various points throughout the 
Appalachian Field. In West Virginia, they have been of sufficient 
prominence to give the name of Burning Springs to one locality. In 
general gas seepages have been of minor size throughout all of the 
Paleozoic areas in the United States. In only a few instances can 
they be considered as having been responsible for the drilling of 
wells. Gas has been of somewhat more importance in the younger 
horizons. Some of the salt domes were discovered by the drilling of 
wells in localities in whieh the escape of gas had been noted. None 
of the seepages in the United States have been comparable with those 
which oceur on the Apsheron peninsula and on Holy Island in the 
Caspian Sea. These were largely responsible for the development of 
the Baku district. The gas seepages have been known for many 
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centuries and were until recently the center of fire worship, the vol- 
ume of the gas issuing from the ground being sufficient to support 
large continuous fires. 

Mud Volcanoes.—Where gas escapes through outerops of the 
horizons in which it was stored, the escape is likely to occur over a 
wide area. While the total quantity escaping may be large, it is so 
spread out that there is little evidence to indicate its escape. Where 
gas escapes through fissures and cracks communicating with relatively 
deep source horizons, the flow is more concentrated and therefore 
more evident. In some instances the flow is not continuous but 
takes the form of a series of intermittent explosions. Such types of 
gas seepages are known as mud volcanoes because of the quantities 
of mud and water that are thrown up at each eruption. 

A large percentage of the material thrown up falls back into the 
vent and assists in retarding the escape of more gas and thus in the 
building up of pressure for the next eruption. Part of the material 


Fig. 169.—Cone and crater of an active mud volcano, Trinidad. Courtesy 
Standard Oil Company of New Jersey. 


is thrown to the sides and forms typical cones. Cones may vary in 
size from a few inches up to 100 feet in height. The best method of 
identification of the source of the gas in such areas is the analysis of 
the gas that is given off. Where the mud volcano is no longer active, 
examination of the material which forms the cone is usually sufficient 
to distinguish such cones from those formed by fumaroles, geysers, or 


ordinary voleanic action. 
Mud voleanoes of relatively small size have been found in Colom- 
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bia and Trinidad. Others are known in the East Indies and in 
Roumania. The largest and best examples of this type of indication 
are found in the Baku district of Russia and in parts of Burma. 

Gas seepages may usually be considered as reliable indications of 
the presence of petroleum and natural gas. However, the possibilities 
of the gases being formed through agencies whelly unrelated to those 
which form petroleum make it necessary to give the closest attention 
to their character and to phenomna with which they are associated 
before drawing definite conclusions. 

Solid Petroleum Residues.—Under the heading of solid residues 
of petroleum would be included the various types of asphalts, the 
vein asphalts or asphaltites, asphaltic or bituminous rocks, natural 
waxes, and pyrobitumens. The close relationship in origin between 
these substances and petroleum offers good reason for expectation that 
they should be reliable indications of the presence of petroleum. Yet 
it must be recognized that they are produced by the alteration of 
petroleum and are more strictly indications of its former existence 
than of its presence. 

Surface deposits of relatively pure asphalt are prominent in the 
oil fields of California, Mexico, Peru, Trinidad, Russia, the East In- 
dies, and other areas producing from Tertiary and Cretaceous hori- 
zons. Some of the asphalt deposits are of great extent, the Pitch 
Lake of Trinidad being about 137 acres in area. Its depth at the 
center is not known. 

Asphalts are not always indicators of the presence of commercially 
recoverable amounts of petroleum. Thus in Cuba, the drill has failed 
to demonstrate the existence of more than the most minor amounts of 
petroleum in the vicinity of the asphalt deposits. The value of an 
asphalt deposit rests largely in the age of its formation. Each one 
must be considered as the product of the alteration of the oil, which 
has come to the surface in an active seepage, to a solid by surface 
agencies. If of recent formation, the chances are good that unaltered 
oil still remains in sections adjacent the deposit. If of old age, there 
is greater probability of all of the oil having been converted into solid 
matter by reactions with artesian waters, or having escaped to the 
surface. 

In some areas, such as California, tar- or asphalt-saturated sands 
are of common occurrence in the vicinity of producing wells. The 
bituminous matter contained in the pore spaces of some rocks must 
be considered as liquid matter, which is held there by the adsorptive 
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powers of the rock matter. In the true bituminous beds it is solid 
matter, resulting from reactions between oils and circulating waters 
or remaining after the escape of the less viscous portions of the oil. 
The tar sands of California are duplicated in the producing areas of 
Russia and Venezuela. On the other hand, no oil has been obtained 
from wells drilled in the immediate vicinity of the Athabasca tar 
sands in northern Alberta. Yet these are the most extensive group 
of such beds that are known at the present time. Similarly, while 
deposits of bituminous limestone are known in Germany and France, 
the yields of oil from wells drilled in the same areas have been of 
little importance. 


Fig. 170.—A portion of the Trinidad asphalt lake. Courtesy Barber Asphalt 


Paving Company. 


Veins or dikes filled with solid bitumens are found in some oil 
fields. Thus a dike of grahamite of large size is found in Ritchie 
County, West Virginia, near the Burning Springs-Volcano anticline, 
one of the largest producing structures in the Appalachian field. 
Ozokerite is found in strata near and above those which contain oil 
in Galicia. The relationship, however, is not always clear. Gra- 
hamite has been found in south-central Oklahoma, but the section in 
which it is obtained is not one which is productive of oil. Wurtzilite 
deposits are known in Utah but have not indicated the presence of oil 
up to the present. Similarly, the famous albertite veins of New 
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Brunswick have not been an indication of the presence of commer- 
cially recoverable amounts of petroleum. 

It does not appear that pyrobitumens can be given much value as 
indicators of the present existence of oil in any region. Vein asphalts, 
ozokerites, and bituminous rocks may be considered as favorable indi- 
cations, but their presence is far from conclusive evidence. Some- 
what greater faith can be placed in the surface asphalt deposit, espe- 
cially if it is of recent formation. Such deposits are commonly 
associated with active gas and oil seepages, which must be considered 
as more reliable indications. 

Paraffin Dirt.—Paraffin dirt is a substance concerning whose 
nature there is considerable debate. Some investigators have con- 
sidered it to be a substance wholly unrelated to petroleum and natural 
gas and therefore of no importance to the prospector. Though little 
is definitely known about its origin and character, the number of 
instances in which it has been found above points on the Gulf Coast 
plain from which oil and gas were later obtained tends to indicate 
some definite relationship and value to the prospector. 

Paraffin dirt has been defined by D. C. Barton? as an argillaceous 
soil permeated by a definite chemical substance that is organie¢ in ori- 
gin, formed by bacteria living in part at least on methane and oxygen. 
Paraffin dirts are characterized by rubbery textures but, while elastie, 
lack the cohesion of rubber. The name “‘ paraffin dirt’’ is a misnomer 
as the substance contains no paraffinaceous material. It appears to 
be masses of organisms of very low rank in a gelatinous matrix. The 
substance is most prominent within three inches of the surface, de- 
creasing rapidly in amount below that depth. 

Though there is great difference in opinion between Gulf Coast 
observers concerning the manner of its formation, there seems to be 
fairly general agreement that paraffin dirt can only be formed where 
there is constant, localized ebullition of methane gas. While the pos- 
sibility that sufficient quantities of methane may be generated by the 
decay of surface matter is admitted, and the use of paraffin dirt as an 
indicator of the existence of petroleum and natural gas in other 
areas is open to criticism, the close relationship between its occurrence 
and the presence of oil and gas in the Gulf Coast area have led geolo- 
gists to consider it a reliable indicator in that section. To oil opera- 
tors there it is as important as an actually observed cas seepage. 


1A. A. P. G. Bull. Vol. 9, p. 1120, 1925. 
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Sections Having No Surface Indications.—Many of the surface 
indications discussed would be passed by without further thought by 
all but the most careful observers. Many of the less striking indica- 
tions are entirely forgotten until after the drill has demonstrated the 
presence of oil. Surface indications are insignificant in importance 
in the Paleozoic fields of Kansas, Oklahoma, and Texas. The same 
may be said of their relation to the development of production in 
Illinois, Indiana, and Ohio. The discovery well at Comodoro Riva- 
davia in southern Argentina was drilled to provide water for a gov- 
ernmental station. 

Many of the discoveries in other areas have been due purely to 
chance. The proportion of those which are the result of careful geo- 
logic study may be expected to increase in the future. Investigations 
in areas having no known surface indications must naturally be based 
upon careful examination of other types of evidence. The nature of 
some of this evidence was discussed in a general way in Chapter V. 
Certainly there is no reason to condemn an area of sedimentary rocks 
merely because it is lacking in surface indications. In some instances, 
the presence of so-called surface indications, the tar sand, the dried- 
out asphalt, the bituminous limestone, or the pyrobitumen vein, is a 
better indication of the escape or alteration of the petroleum than of 
its presence. In sections having no reliable surface indications, great 
importance must be attached to the presence of beds whose composi- 
tion and appearance indicate their possible function as source beds. 
The degree of alteration of the sediments becomes a factor of impor- 
tance, as metamorphic agencies tend to destroy oil deposits at the same 
time as they metamorphose rocks. 

Regional Structure.—Even the active oil seepage, generally con- 
sidered to be the best indication of petroleum we have, proves: little 
more than the presence of oil in immediate proximity to the point 
where the seepage occurs. If the seepage is of the fissure type, it 
does not even indicate the stratigraphic position of the horizon from 
which the oil was originally derived. In this respect the outcrop 
seepage is of considerably greater value. The majority of fissure 
seepages appear to be limited to sections in which the source horizons 
lie within reasonable distance of the surface. Outcrop seepages are 
practically always found at the crests of anticlinal areas, in uplifted 
faulted sections, or on the rims of synclinal basins. Seepages, both of 
the fissure and the outcrop type, are very seldom found in sections of 
synelinal form. 
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In the intensely folded and steeply dipping beds of the Tertiary 
and Cretaceous in which surface indications are most pronounced, the 
horizons that are indicated as potential producers may be covered by 
great depths of later sediments in sections close to the point of out- 
erop. In such areas ability to estimate the depth at which the hori- 
zon should be found in structurally favorable sections becomes of 
extreme importance. Similarly the close relationship between pro- 
ductive sands and limes and dark colored shales indicates the desira- 
bility of penetrating certain recognized source beds before abandoning 
tests. 

The determination of the extent and of the depth of possible pro- 
ductive horizons or of potential source beds is based upon studies of 
regional structure rather than of local structure. It is in this type 
of work that the publications of governmental organizations, such 
as the United States Geological Survey and the various state surveys, 
and of associations of geologists become of major importance. The 
data contained in them may have no direct bearing upon the subject 
of petroleum but may give much usable information about the posi- 
tion of the beds which control its presence. 

Early development work in new provinees is almost always limited 
to the rim areas of regional or geosyneclines and to the most prominent 
of the regional uplifts contained in the larger basins. In Wyoming 
today production is almost entirely limited to structures on the rims 
of the basinal areas. That of northern Montana is found entirely 
upon the uplifted Sweetgrass Arch. The production of Baku, 
Grosny, and Maikop in Russia, lies on the uplifted rims of the major 
synclinal sections. The early development work in the Los Angeles 
Basin of California was limited to the shallower eastern and northern 
portions. The operators in the North Mid-Continent and the Appa- 
lachian areas have worked steadily from the eastern and northeastern 
sections of shallow production to the western and southwestern areas 
where the horizons are deeper. 

In part this tendency ean be traced to the close proximity of 
Seepages to the rim areas. In part it is due to greater knowledge of 
the positions of the potentially productive horizons. In no small 
measure it may be traced to the lower cost of drilling shallow wells. 
The absence of strong local structures has been noted as an unfavor- 
able indication in many synclinal areas. Yet the geologist is steadily 
extending producing areas toward these basinal sections. In some 
the absence of local structures has proved to be more apparent than 
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real, the structure of the deeper beds being concealed by later sedi- 
ments. 

In the development of such areas, the geologist must rely more 
and more upon his understanding of basic conditions, and less and 
less upon surface manifestations. In such sections, further diffi- 
culties are added by the necessity of depending upon data obtained 
from the drilling of wells. In this work, microscopic examination of 
drill cuttings and cores by the petrographer and the paleontologist 
becomes of first importance. 

Local Structural Conditions.—Just. as the early work of the pros- 
pector was limited largely to areas in which surface indications of 
petroleum were most prominent, so the geologist restricted his recom- 
mendations to those areas in which favorable local structural condi- 
tions were most evident. Except in a few areas in which the dominat- 
ing importance of faults was recognized, such recommendations were 
largely restricted to anticlinal areas. This meant almost invariably 
the anticline that could be located by examination of outeropping 
strata. With the completion of test wells upon such structures, the 
number remaining to be found in the more developed areas such as 
the United States is steadily decreasing. The demand for oil, on the 
other hand, is steadily rising and is forcing the geologist to utilize 
other types of information than that supplied by outcrops in making 
his recommendations. This does not mean that the surface survey 
using the barometer, the handlevel, the Brunton compass, or the 
plane table and alidade, is no longer used but rather, that addi- 
tional tools are being added to make the recommendations more 
certain. 

Such tools may be considered as of two types: those which are 
used primarily in adding directly to information gathered from sur- 
face observations prior to the drilling of any wells, and those which 
are utilized to extend production after the completion of tests. Under 
the first heading, work done with the diamond drill and investigations 
by geophysical methods stand out as of major importance. 

Diamond Drilling for Structure..—In many sections the presence 
of structures suitable for accumulation of oil and gas is indicated in 
a general way by the attitude of the outcropping rocks, but the small 
number and the poor quality of the outcrops present make definite 
outlining of the structures impossible. The making of definite recom- 


1 For technic of diamond drilling see Edson, Frank A.: Diamond drilling, U. 
S. B. of M. Bull. 243, 1926. 
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Fig. 171.—Plan showing diamond drill tests upon an unfaulted anticline and 
cross-section drawn from diamond drill data. After Bartram, J. G., and Wilson, 
J. H.: Petroleum Development and Technology in 1925, p. 55. 
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mendations for test locations without further information is extremely 
hazardous. The difficulties arise from two types of conditions. 
First, prominent outcropping horizons found in sections near the 
Structurally favorable areas may be covered by soil, glacial débris, 
river deposits, and similar material of recent age. In some instances 
the covering may consist of relatively old lithified beds which rest 
unconformably upon the top of those whose structure it is desired to 
determine. The second difficulty is that resulting from the inability 
to determine corresponding points in different outcrops of the same 
bed because of the effects of weathering. 

The logical way to determine the elevation of desired parts of a 
bed whose weathered outcrops yield data of uncertain quality is by 
examination of its unweathered portions. The digging of trenches 
back from outcrops to reach unweathered portions has been common 
practice for many years. In some places shallow holes or pits were 
dug until the desired bed was reached. The pick and the shovel were 
tools that were usually available, and the method was cheap and 
effective provided the bed was close to the surface. When the over- 
burden reached a thickness of more than 30 or 40 feet, such work 
became difficult, slow, and costly. In a few sections churn drills were 
utilized to carry test holes to greater depths. They were fairly suc- 
cessful in sections in which the key beds were easily recognized. 

In most sections the key beds do not differ greatly from those 
above and below them. As the churn drill ordinarily yields only 
cuttings, it is not always possible to identify the different beds with 
perfect security. The logical tool was soon found to be one that 
would yield cores which could be examined by the geologist, stored 
away for further reference if necessary, and compared with other 
cores as might prove desirable. Such cores could be obtained from 
either the diamond drill or the steel shot drill. Very little work has 
been done with the latter, but the diamond drill was soon proved to 
be an exploratory tool of major importance and is now considered to 
be an essential part of the equipment of the large producing oil 
company. 

In many places the outcropping beds that serve to indicate the 
broadly favorable structure have been eroded from the important 
central areas. In such cases it may be necessary to drill to consid- 
erable depths to reach a non-outeropping horizon, which can be used 
as a key bed to determine the best location for a test well. Such key 
beds may not be encountered unless holes of 500 to 600 feet are drilled. 
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Even greater depths may be necessary where it is desired to outline 
the structure of beds lying below a marked unconformity. AS. a 
number of holes are needed to outline even the simplest type of strue- 
ture, the cost is large. In faulted areas, the close spacing of holes 
sometimes makes the number of holes so large that there is doubt as 
to the desirability of continuing the work of exploration. The results 
in most cases, however, are more than sufficient to warrant the ex- 
penditure. 


Fig. 172,—Plan showing location of diamond drill tests upon a faulted 
anticline and cross-section based wpon data secured from them. Cross-section not 


to scale. After Bartram, J. G., and Wilson: Pet. Dev. and Tech. in 1925, pp. 56 
and 57, 


Results have been of two types. In some eases the diamond drill 
has supplied sufficient information to prove the non-existence of sup- 
posed favorable structures and thus prevent the expenditure of large 
amounts of money in the drilling of wells that were doomed to fail. 
Tn others it has served to outline structures sufficiently to permit the 
selection of test hole sites in which the maximum chance of success 
was present. The diamond drill has been used to some extent in the 
Rockies, in Texas, and in other areas; but its greatest successes have 
been scored in Oklahoma and Kansas. The largest of the pools in 
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whose development the diamond drill was of major importance was 
Tonkawa. Others in these two states include such pools as Thomas, 
Hubbard, North Braman, South Braman, Deep Rock, Hunnewell, 
and Graham. 

Geophysical Prospecting.—Up to the present the diamond drill 
has been used as a tool to supplement surface work. No attempts 
within the knowledge of the author have been made to use it as an 
exploratory tool in sections in which no indications of favorable con- 
ditions were shown by outcropping beds. While geophysical methods 
have been used in part to test locations in which surface indications 
or outcropping beds indicated favorable conditions, they have also 
been used with success in sections where such indications were un- 
known. Although only recently applied to prospecting for petro- 
leum, geophysical instruments have met with such success in the salt 
dome areas of Texas and Louisiana as to warrant giving them most 
eareful consideration. The highly technical nature of the principles 
upon which they are based and the hmited amount of reliable informa- 
tion about their operations available outside of the files of those 
companies and individuals which have been instrumental in their 
development, make it impossible to give concise summaries of their 
nature and action. Because of this, discussion here must be limited 
to very brief and general statements about their nature and to short 
summaries of their accomplishments. 

Geophysical methods are commonly divided into five groups. 
These are as follows: 


1. Gravimetric methods, including especially use of the torsion 
balance. 

2. Seismic methods. 

3. Magnetic methods. 

4, Electric methods. 

5. Radio wave utilization. 


The study of the use of radio waves is still in its initial stages. 
Investigations are being made to determine differences in the reac- 
tions of petroleum, salt water, and the several types of strata present 
in oil fields, to radio transmission. While methods based upon such 
differences may be developed sufficiently to warrant their application 
to the location of oil in a commercial way, much still remains to be 
done before this stage will be reached. 

Methods utilizing differences in the electric conductivity of dif- 
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ferent substances have been used with considerable success in pros- 
pecting for metallic ores. Salt water is a good conductor of electricity 
while petroleum is a non-conductor. However, up to the present no 
method utilizing this difference in electric conductivity or differences 
in the conductivity of various strata has given sufficiently consistent 
results to warrant being considered as commercially usable. 

Methods utilizing differences in the magnetic qualities of different 
types of rocks have been used to some extent. They appear to be 
best fitted to operations in locations where buried igneous masses, 
such as those of the Panhandle area of Texas, are present. It should 
be noted that this method is strictly an indirect one; that is, it is 
based upon the idea of finding structural conditions in which the 
accumulation of oil and gas may be expected rather than the finding 
of the oil itself. In sections where accumulation occurs at the base 
of sediments which have been deposited over irregular crystalline 
masses or in continuous beds which have been arched by uplhfts 
along the line of erystalline ridges, this method holds considerable 
promise because of the presence of magnetic minerals in such 
masses. Cores of crystalline rocks having sufficient magnetic prop- 
erties to make determination possible have been found in only 
a lmited number of productive structures. It does not appear 
that such material will be found underlying more than a rela- 
tively small proportion of the world’s structures at points suf- 
ficiently close to the surface to make their determination possible. 
There is much room for improvement in the instruments in use today. 

The best results from geophysical surveys in oil fields have been 
obtained through the use of seismic and gravimetric methods. They 
are used together to a large extent today, the seismograph being 
used for reconnaissance work and detail work, while the gravimetric 
method is reserved solely for detailed work. This is due largely to 
the slowness of the latter method rather than to any superior results 
obtained through the use of the seismic method. 

The gravimetric methods are based upon differences in the density 
of different types of materials that compose the crust of the earth. 
Such differences are most marked where ridge-like or dome-like masses 
composed of one type of material are surrounded by material of en- 
tirely different composition. Such conditions are present where mas- 
sive erystalline rocks of irregular outline are surrounded by partly 
compacted sediments. The differences between the densities of salt 
dome cores and the surrounding sediments are less marked but are 
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still sufficient to be indicated by the highly sensitive torsion balance 
if the top of the dome comes within reasonable distance of the surface. 

Today the seismograph is being used more than the torsion balance, 
though the first successful work was done with the latter instrument. 
The torsion balance is being used more in checking up the areas that 
are indicated to be favorable by the seismograph than as a primary 
instrument of search. The seismograph used by oil companies is 
based upon the same general principles as the seismographs used for 
many years to record earthquake action. Instead of recording natu- 
ral earthquakes, it records the transmission of the vibrations caused 
by setting off high explosives. As the crystalline salt domes react 
very differently from the sediments surrounding them to such vibra- 
tions, detection of their presence becomes possible. Similar results 
may be obtained in the future from other combinations of rocks, but 
comparatively little is known about them today. In the Gulf Coast 
territory the seismograph is now considered as being capable of ob- 
taining results to depths of 8,000 feet and over distances of 10 miles. 

The reputations of both the seismograph and the torsion balance 
as tools for exploration for oil-rest solely at the present time upon 
their suecess in the Gulf Coast territory of Texas and Louisiana. 
The first torsion balance was placed in this field in 1922 and the first 
selsmograph in 1924. The presence of the first salt dome indicated 
by the torsion balance was proved in July of 1924 when a test well 
at Nash drilled into cap rock at 639 feet. This dome was later proved 
to have caused the accumulation of commercial quantities of oil, the 
production in 1926 being 207,000 barrels. The discovery of com- 
mercial quantities of oil was not made until January of 1926. Domes 
were discovered and proved at Orchard and Long Point in the latter 
part of 1924. The presence of the first of these was indicated by the 
seismograph; the second, by the use of the two instruments together. 
During 1925, domes were located at Fannette, Hawkinsville, Stark, 
Allen, and Clemmons. In 1926, the Moss Bluff, Feusse Pointe, and 
Napoleanville salt domes were located and the presence of dome mate- 
rial proved by the drill. By the close of 1927 the number of salt 
domes found by these methods had reached thirty. 

In all of these tests the dome material was found at depths of less 
than 1,500 feet. Considerable uncertainty remains, even with the 
marked improvements that have been made in the character of the 
instruments and in the interpretation of the data in the last two years, 
as to the ability of the instruments to locate domes that are much more 
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deeply buried. The cost of geophysical methods of investigation is 
not low. It has been estimated that the oil industry had spent more 
than a millon dollars for each of the domes that had been found up 
to the end of 1926. 

Much of the territory of the Gulf Coast plain has been gone over 
by geophysical testing parties, particularly by those using the seismo- 
graph, as that type of instrument is now capable of covering as much 
as 250,000 acres in reconnaissance in a month. The detailed work 
necessary whenever promising indications are noted is naturally much 
slower. It is still too soon to make predictions about the future of 
such methods of exploration. 

Not all of the salt domes which have been known for many years 
have been found to be productive of oil. It can hardly be expected 
that all of the domes discovered by geophysical methods will be pro- 
ductive. The determination of the absence or presence of oil after 
the finding of the dome is extremely expensive. Production may be 
obtained from above the cap, within the cap, or off to the flanks of 
the salt core. One flank may be found to be productive and all 
others to be barren. The first producing well on the Nash dome was 
4,127 feet in depth and that on the Orchard dome 3,750 feet. 

The number of possible discoveries in the Gulf Coast area natu- 
rally decreases each year. While areas having somewhat similar salt 
cores are prominent in Roumania, Germany, and in southern Mexico, 
they are not of common occurrence in most fields. The seismic, gravi- 
metric and other methods utilizing geophysical principles may prove 
to be just as suecessful in sections in which other types of structures 
are common, but at present their commercial value in such areas is 
practically unknown. 
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Subsurface Tools.1—The feasibility of geophysical methods still 
remains to be proved in the great majority of the world’s producing 
fields. Yet in these, just as in the salt dome and erystalline rock core 
areas, the absence of outcropping strata and the lack of conformity 
between shallow and deep producing horizons retard the discovery 
of new pools. The value of the shallow diamond drill hole is recog- 
nized where no unconformities are present immediately above the 
productive horizon. In sections where buried structures have little 
or no surface manifestation, the diamond drill has only limited appli- 
cation. It is of little value in the development of sections like Bur- 
bank where the controlling factor is the changing porosity of the 
deeply buried productive horizon. In such areas the only data that 
can be used to any great degree is that which becomes available by 
the drilling of wells. Some of these may be drilled in adjacent areas 
in which surface indications of structure have led to drilling. A 
large number of the wells that were drilled in such areas and have 
contributed to the information about subsurface conditions were lo- 
eated without regard to structure and purely upon a “‘hit or miss’’ 
basis. 

Until recently the records of such wells were made with very 
little regard for their utilization in later operations. The profits of 
the contractor, who agreed to drill a given hole to a definite depth 
for a certain lump sum or price per foot, depended entirely upon the 
speed with which he completed his work. As careful sampling and 
logging of the hole tended to slow up the work, he frequently paid the 
minimum of attention to it. The closer control now being exercised 
by the geologist over the taking and keeping of samples and records, 
together with the fact that an increasing number of producing com- 
panies are operating their own drilling tools, is tending materially 
to improve the quality of drilling records and to develop systematic 
sampling. Many concerns make a policy of having geologically 
trained men on hand to take the samples on the more important tests. 


1 Most of the more recent volumes on petroleum engineering such ag ‘‘Pe- 
troleum Production Engineering,’’ by L. ©. Uren, and ‘‘ Petroleum Production 
Methods,’’ by J. R. Suman, contain discussions on sampling and coring technie. 
The technic of identification of the minerals in sedimentary rocks has been dis- 
cussed at some length by H. B. Milner in ‘‘An Introduction to Sedimentary 
Petrology’’ and ‘‘Supplement to an Introduction to Sedimentary Petrology.’’ 
The Journal of Paleontology, first issued in 1927, is now a medium of exchange for 
ideas on the identification and correlation of oilfield formations by paleontological 
and micropaleontological evidence. 
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Not all of the inaccuracies apparent in drilling records can be 
blamed to carelessness. The nature of the rotary unit makes close 
identifieation of the material passed through practically impossible in 
many instances. The proved failure of the rotary to 
note the presence of substantial amounts of oil and 
eas in important tests made it a wildeatting tool of 
questionable value. Even the cable tool driller was 
frequently confused by the mixing of cavings with the 
material through which he was drilling. 

Naturally the deductions of the subsurface geologist 
could be given no higher rating than that of the data 
upon which they were based. Recognition of hard 
limestones and thick bodies of sand in otherwise shaly 
sections was to be expected. Their correlation where 
wells were closely spaced was not difficult. However, 
deductions concerning the relative ages and stratigra- 
phic positions of beds in wells some distance apart 
were most unreliable. Thus erroneous correlation of 
the deep producing horizon of the Cushing pool with 
the Glenn or Bartlesville sand of the Glenn pool re- 
tarded the development of the area between and south 
of them for at least five years. It caused many wells 
to be abandoned as dry, when they penetrated the true 
Bartlesville and Dutcher sands, which would have 
been large producers had they been continued to the 
underlying Wileox, from which the bulk of the so- 

called ‘‘Bartlesville’’ at Cushing was actually ob- 
ane a tained. Correlations based entirely upon comparisons 
core barrel, the ©! drillers’ logs must be considered as of doubtful 
Elliott Aleo Value. Somewhat greater accuracy can be eredited 
model. to correlations in which the geologist has been able to 

examine the cuttings of the wells under the miecro- 
scope. The most accurate results demand that the core be available 
for detailed examination under the microscope by the competent petro- 
grapher and the micropaleontologist. 

It is generally admitted that the diamond drill takes the best type 
of core. However, the cost of drilling to the depths now common in 
the majority of the world’s important fields with the diamond drill 
makes its use impractical in most instances. The technic of taking 
cores with the rotary outfit has developed rapidly within the last 
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few years. Relatively few cores have been taken with cable tools, but 
the practice is increasing. The policy of taking cores has made it 
possible for the micropaleontologist to make much more definite cor- 
relations between wells and between formations penetrated by the 
drill and those seen at distant outerops. 

Limitation of Geologic Activity—The activities of our larger 
producing companies are spread over the United States, and in a 
number of cases into several foreign countries as well. At the same 
time activities within each major area are largely restricted to work 
in relatively small subdivisions. The choice of such areas is de- 
termined either by general knowledge of the geology of the areas or 
by close study of the developments already made. Thus, though 
much of the rest of Venezuela must be ranked as potential territory, 
operations are largely restricted to the Maracaibo Basin at the present 
time. Similarly development work in Colombia centers in the nar- 
row synclinal valley of the Magdalena River and the coastal plain on 
the shore of the Caribbean Sea. Such restrictions are based upon 
knowledge of regional structure. 

In the more highly developed fields of the United States the re- 
striction of activities is even more marked. Geologic work is almost 
entirely limited to the rim areas of the Powder River and Big Horn 
Basins of Wyoming. In the latter, distinctions are made between the 
desirability of testing the structures lying close to the mountains sur- 
rounding the basin and those lying nearer to the axis of the basin. 
In these and similar areas in the Rockies the structures are largely 
visible in the surface beds. In the Paleozoic areas of the Mid-Conti- 
nent Province, the recently developed pools in the Tertiary of the 
Los Angeles Basin, and the Cretaceous of Texas, Louisiana, and 
Arkansas, the absence of good surface indications forees the geologist 
to base his work upon the less easily procurable subsurface data. In 
such areas successful work is largely the result of the accumulation 
and interpretation of the data supplied by hundreds of test wells. 
Intimate knowledge of individual areas demands that the geologist 
devote his entire attention to relatively small sections. 

The results of such detailed studies are apparent in maps showing 
drilling activity; their causes are not always evident to the casual 
observer. The dominating influence of the Mexia fault line and its 
continuations is indicated by the absence of drilling wells in sections 
away from its supposed trace, With the realization of the extent of 
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the Inglewood uplift in the Los Angeles Basin, practically all other 
wildeatting was abandoned so that the companies could be able to de- 
vote their full attention to operations along the line of this major 
fold or fault. In Oklahoma the line of proved pools extending from 
Mervine to Garber and including such important areas as Billings, 
Ponea, and Tonkawa, gives ample indication of the continuity and 
importance of the deeply buried ridges which have caused their 
presence. The discovery of Tonkawa may be considered as due 
largely to the realization of the existence of an uplifted ridge and the 
restriction of geologic work to sections between previously developed 
structures on that ridge. 

The restriction of operations is not always based upon purely 
structural data. The heterogeneous arrangement of the structures 
in the eastern part of Osage County, Oklahoma, makes the develop- 
ment of any working theory of the arrangement of the structures 
difficult. Production is nevertheless limited to definite zones. These 
were found to depend upon the existence of porous areas in the lime 
and sand horizons from which production was obtained. In this 
area and sections adjacent to it, work was largely restricted to those 
portions in which the examination of drilling records and samples 
indicated the former existence of conditions suited to the deposition 
of porous sands or the development of porosity in limes. 

A most striking limitation of drilling activity occurs in the shoe 
string sand areas of Kansas, where practically all of the efforts of 
the wildeatter and the geologist are limited to attempts to extend the 
string-like producing belts and to fill in the gaps between already 
discovered portions of a single string. In much the same manner, 
drilling activity in search of gas in the Clinton sand in Ohio is defi- 
nitely limited on the west by a line running north and south, that is 
believed to mark the pinching out of that horizon. 

Non-producing Structures.—All prospecting for petroleum in- 
volves a certain degree of uncertainty because of its indirect char- 
acter. The well developed structure located in an area in which 
suitable source and reservoir beds are known and the degree of meta- 
morphism is not too great is the logical place to test. However, tests 
in which every known factor favors success have failed to obtain 
production. The location of the salt dome is considered as the first 
step in the exploration for new pools in the Gulf Coast area of the 
United States. Yet it is recognized that many of the known domes 
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have failed to yield commercial quantities of oil. It is probable that 
some of the domes which are non-productive at the present time will 
yield oil in the future. The number of tests that have been drilled 
on others indicate that they have very slight chances of such develop- 
ment. 

Unproductive faulted and terraced areas are present in fields in 
which similar structural forms are large producers. In no place in 
the United States is the location of test holes more closely restricted 
to well developed anticlines than in Wyoming. Yet in a typical year, 
1925, only two gas wells and three oil producers were obtained out of 
a total of 29 wildcat tests completed. As many of the failures were 
carried to depths of more than 3,000 feet and the productive horizons 
in nearby structures definitely identified, the lack of success cannot 
be attributed to failure to carry the tests to sufficient depths. 

In some cases the absence of oil in such areas can be traced to 
loss through outcropping portions of productive horizons. This is 
undoubtedly the cause of the non-productivity of the Powder River 
anticline in Wyoming. This structure is only about 15 miles to the 
northwest of the productive Salt Creek structure. It has a closure 
of about 1,300 feet and in many respects shows close similarity to its 
neighbor. Seepages of oil have been known for many years, but no 
commercial production has been developed despite the drilling of tests 
to as great a depth as 3,465 feet. Practically the same formations 
are present as have been found to be productive at Salt Creek. One 
distinction is of major importance. At Salt Creek none of the forma- 
tions below the Montana group of the Cretaceous has been exposed 
by erosion. At Powder River all of the formations down to the 
Jurassic appear on the flanks or the crest of the anticline. Thus the 
productive horizons at Salt Creek have been exposed to loss through 
seepage at Powder River. 

In other areas the absence of oil is more difficult to understand. 
As the productive horizons do not outcrop within the drainage area 
of the structure, loss of oil through outcrop seepages does not appear 
possible. In some instances the loss of the oil may be attributed to 
escape through vertical fissures. In others the flushing action of 
artesian waters may have removed the oil despite the large size of 
the folds. Though their identification is difficult, it appears that in 
many cases the dynamie action causing the development of the folds 
did not become effective until after the formation of the oil. Folds 
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of such origin would naturally have no effect in retarding the migra- 
tion and escape of the oil created before their development. 

The presence of oil or gas in commercial quantities In any given 
area cannot be considered as due solely to the structural conditions 
now existing in that area. Neither can it be considered as due en- 
tirely to the more general underlying conditions which would logically 
favor the formation and existence of petroleum or natural gas. In 
every case in which quantities sufficient to make commercial recovery 
possible are present, their presence indicates a favorable combination 
of both types of factors. 
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Accumulation of oil and gas 
complex types, 408 
controlled by porosity, 
in faulted rocks, 309 
in fissures, 365 
in folded rocks, 251 
in igneous rocks, 368 
in salt core structures, « 
study of, 5 
theory of, 181 
Acetylene series, 26, 27 
Aclinal structures, 232 
Aerobie bacteria, 70 
Africa, salt domes in northern, 376 
Aging of oils, 78, 79 
Akita district, 374 
Alaska, 137, 139 
Alberta, 44, 138 
Albertite, 37, 48, 86, 485 
Algae, as sources of oil, 66 
Algal coals, 52 
Algeria, 147 
Alidade, use of 215 
Alignment of folds and faults, 239 
Alipathie compounds, 25, 27 
Aluminum chloride, 78 
American Petroleum Institute scale, 17 
Anerobie bacteria, 70 
Aneroid barometers, use of, 215 
Anhydrite 
in relation to occurrence of oil, 97 
in ‘salt dome caps, 402 
Animals, as sources of oil, 64 
Anthracene series, 26, 30 
Anthracite, 37, 50 
Anticlinal terraces, 282 
Anticlinal theory, 
theory 
Anticlines and Anticlinal Folds 
broad, 244, 290 
buried, 436 
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complex, 439 
faulted, 423 
having porosity variations, 414 
inclined asymmetrical, 262 
plunging, 281 
quaquaversal, 271 
salt, 378 
simple symmetrical, 253: 
upright asymmetrical, 257 
value as oil producers, 306, 308 
with curved axes, 266 
with divided axes, 269 
Appalachian field and geosyncline 
age of oil, 121, 125, 127, 133 
character of oil, 1, 19, 27, 34 
extent of, 11 
geological sections of 122, 124, 323 
natural gas, 39, 203 
pools in, 322, 354 
waters of, 182 
see also Kentucky, Ohio, New York, 
Pennsylvania, Tennessee, West 
Virginia. 
Apsheron Peninsula, 156, 157 
see also Baku 
Arcadia salt dome, 385 
Archeozoie age, 115 
Argentina, 4 
age of oil, 139, 147 
character of oil, 18, 20, 31, 34 
geologic section, 146 
Arkansas, 6, 13 
age of oil, 148 
geologic sections, 224, 280 
natural gas, 38, 39 
Arkose sandstone, 94 
Aromatie compounds, 25 


Arrangement of particles, effect on 
porosity, 163 
Asphalt, natural, 2, 15, 37 
as a eause of accumulation of oil, 


304, 306 
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characteristics, 40, 41 
formation, 85 
in exploration, 484 
Asphalt, refinery, 41 
Asphalt sealed traps, 304 
Asphaltic base oil, 2, 32, 37, 113 
Asphaltic bitumens, '37, 85, 484 
Asphaltie limestone, 37, 44 
Asphaltic rocks, 37, 44, 85, 484 
Asphaltic sandstone, 37, 44 
Asphaltites, 2, 37 
characteristics, 42 
formation, 85 
in exploration, 484 
Assortment of particles, 
porosity, 163 
Asymmetrical folds, 252 
upright, 257 
inclined, 262 
Athabasca tar sands, 44, 85, 485 
Athens—Rosecrans, 411 
Augusta pool, 454, 456 
Australia, 45 
Axial planes, 251 
eurved, 266 
Axis of a fold, 251 
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Bacon Rind anticline, 284 

Baicoi, 382 

Baku district, 7, 156, 423 

Baleones fault zone, 248, 310, 311, 312, 
373 

Bald Hill Dome, 272, 284, 285 

Barbados, 156 

Barber’s Hill, 391 

Barsdale pool, 331 

Bartlesville or Glenn Sand, 273, 283, 
284, 297, 345, 348, 350, 458 

Base of oils, 1, 32 

Basin field, 295 

Batson, 391 

Baume scale, 17 

Bend Arch, 11, 104, 244, 245, 246, 290, 
414 

Bend shales, 104 

Benton shales, 104 

Benzene series, 1, 26, 29, 30 
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Bermudez asphalt lake, 40, 41 
Beverly, 411 
Bibliographies 
general, 13 
geologic mapping and representation 
of structures, 231 
geophysical methods, 496 
natural gas and bitumens, 52 
physical geology, 114 
regional and historical geology, 158 
salt core structures, 406 
structural geology, 250 
Big Creek, 391 
Big Horn Basin, 11 
formations in, 268 
producing areas, 267, 295 
structure of, 243, 244 
Big Lake, 436 
Big Sinking pool, 322 
Binagadi pool, 423 
Biochemical stage of oil generation, 72 
Bitumen, generation of, 75 
Bitumens and bituminous substances 
character, 36 
formation, 84 
use in exploration, 484 
Bituminous coal, 37, 48, 50 
Bituminous limestone, 44 
Bituminous residues 
character, 37, 40 
distribution, 484 
formation, 84 
in exploration, 484 
Bituminous rocks, 44, 85, 484 
Bituminous sandstones, 44, 85, 484 
Bituminous schists and marbles, 37 
Black Hills uplift, 287 
Blue Ridge, 386, 391 
Boggy Creek, 385 
Boghead coal 37, 45, 51, 52, 66 
Boling, 391 
Borneo, 18, 40, 102 
Bowlegs, 11, 463 
Bradford sand, 179 
Brea, 37, 42 
Brea-Canyon-Olinda pool, 324, 328, 329 
Brea grit pools, 285, 290 
‘¢Breaks,’’ 174, 345 
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Breccia in salt structures, 382, 394 
Brines, oilfield, 181 

Bryan Heights, 404 

Buena Vista Hills or anticline, 253, 303 
Buffalo Basin, 211 

Burbank pool, 350 

Bureau of Standards scale, 17 
Burgess pool, 364 

Buried Hills, 412 

Buried structure, 412 

Barkhart pool, 286 

Burma, 11, 27, 156, 263 

Burnt shale, 479 

Bush City string, 360, 361 


Cc 
California, 1, 2, 6, 9, 11, 13, 170 
age of oil, 147, 154, 155, 156 
bitumens, 40, 44, 484 
Characuer Oi Olle LO.me li) peloumnl Osmo. 
an 2S Gil, evn Bai; a! 


general structure, 241, 324, 331, 411 
55 


geological sections, 151, 255, 259, 
301, 334 

natural gas, 39, 60 

producing areas, 2538, 254, 257, 260, 
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264, 301, 302, 305, 306, 326, 329 
333, 335, 355, 423 
Cambrian period 
conditions during, 116 
oil and gas in, a 
Camden uplift, 28 
Campina, 382 
Campton pool, 322 
Canada, 4 
age of oils, 117, 126, 137 
bitumens, 44, 85, 485 
character of oils, 17, 34 
Canadian Shield, 115 
Cannel City pool, 322 
Cannel coal, 3, 37, 50 
Canon City Embayment, 366, 367 
Capillarity, 22, 160 
as an agency of concentration, 198 
in expulsion of oil from source beds 
190 
in hydraulic theory, 196 
in retention of pressures, 204 
opposed to gravity, 192 
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Capillary constants, 23 
Capillary openings, 160 
Capillary theory of concentration, 198 
limitations, 200 
present status, 207 
Cap rocks, salt dome, 402 
anhydrite and gypsum in, 402 
limestone in, 403 
oil above, 389, 390 
oil in, 389, 392 
origin of, 402 
sulphur in, 403 
Carbide theory, 54, 56 
Carbomorphism of coals, 81 
Carbonaceous shale, 75 
Carbon dioxide, 16, 39 
Carboniferous shales of Scotland, 108 
Carbon monoxide, 16, 39 
Carbon ratio theory, 110 
application, 113 
principles, 111, 113 
Carbon residues, 33 
Carpathian salt domes, 380 
Casing head gasoline, 38 
Cat Creek, Montana, 19, 434 
Catskill formation, 300, 354 
Cement anticline, 295, 294 
Cementing, 163 
Cenozoic Hra 
conditions during, 149 
divisions of, 149 
see also Tertiary 
Ceralvo fault, 311 
Ceresin, 37, 43 
Cerro Azul, 477 | 
Channel deposits 
as oil containers, 358 
formation of, 358 
Chapopote, 37, 42 
Chattanooga shale, 119, 126, 472 
Chemical composition 
of bitumens, 40 
of natural gas, 38 
of oils, 24 
Cherokee shales, 104, 133, 342, 
348, 850, 360, 364 
Chino fault, 324 
Cincinnati Arch, 11, 120, 121, 
344 


347, 


244, 290, 
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Clays 
as retainers, 175 
porosity, 175 
sapropelic, 72, 107 
Cleveland gas district, 342, 344 
Clinton sand district, 342 
Closed folds, 253 
Coal 3; 3%, 48 
analyses, 49 
classification, 50 
formation, 81, 100 
in prospecting for oil, 111 
metamorphism and alteration, 81, 
109 
Coal distillation theory, 67 
Coal gas, 37, 38 
Coastal swamps, 100 
Cochahee domes, 293, 297 
Colombia, 4 
age of oil, 147, 155 
character of oil, 20, 34 
seologic section, 152 
Colony string, 361 
Color 
of oils, 16 
of sediments, 93 
Coloradie geosyncline, 142 
Colorado, 6 
age of oil, 148 
bituminous substances, 45, 46, 48, 71 
pool in, 366, 367 
Columnar sections, typical and use of, 
208, 216, 217 
Comanchean, see Lower Cretaceous 
Compacting 
effect on porosity, 164 
in structure development, 235 
preliminary to folding, 237 
Competency of rocks, 237, 240, 409 
Competent folding, zone of, 237, 238, 
239 
Complex structures, 408 
Compressional faulting, 249 
Concentration of oil and gas, 181 
see also accumulation 
Coneentrie folds, 252 
Conglomerates, 173 
Contact zones, production from, 375 
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Container rocks, 159 

Contour maps, use of, 212, 213, 214 
231 

Conradson carbon residue, 33 

Convergence maps, use of, 226, 227, 
228 

Cores and coring, 221, 223, 497 

Corsicana pool, 312 

Cotton Valley pool, 279 

“Covered Hills,’’? 412 

““Covered structure,’’? 411 

Coyote Hills oil pool, 230 

Cracking, 21, 75, 78 

Crest, 251 

Cretaceous, see Lower Cretaceous, 
Upper Cretaceous and Mesozoic 

Crevices, production from, 365 

Cross sections, use of, 223, 224 

Crustal deformation, nature of, 237 

Crustal movements, effects on porosity, 
166 

Crystal growth theory of origin of salt 
domes, 397 

Cuba, 16, 41, 58, 375 

Currie, 315 

Cushing pool, 20, 244, 290, 293, 454, 
458 

Cut off basin deposits, 96 

Czechoslovakia, 4 
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Dakota formation, 274, 277, 433 
Damon Mound, 9, 33, 391, 393 
Deep sea deposits, 101 
Delaware anticline, 285 
Density of oils, 17 
Depositional conditions, effect on oil 
accumulation, 233, 339 
Depth, effeet on character of oil, 79 
Desert deposits, 92 
Devonian black shales, 73, 76, 103, 108, 
119, 125, 126 
Devonian Period 
as a source of oil, 125, 126 
conditions during, 121, 123 
producing areas, 354 
Diamond drilling 
method of use, 489 


512 SUBJECT INDEX 


typical log, 222 
typical maps and sections, 490, 492 
value in prospecting, 220, 492 
“Diapir folds,’? 252, 380 
Diastrophie theory of oil accumulation, 
189, 201 
Diatoms, as sources of oil, 66 
Dikes, igneous, 368 
Diolefine series, 26, 27 
Dip and strike symbol maps, use of, 
208, 211, 231 
District, defined, 11 
Dolomitization, 165 
Domes, 269 
quaquaversal, 269 
salt, 376 
Dominquez pool, 260, 411 
Dropright dome, 459 
Drumright dome, 459 
Dryholes or failures, 501 
Dynamic pressure 
alteration and destruction of oil by, 
79, 80 
development of structures by, 237 
generation of oil by, 74 
results of intermittent, 412 


E 
Earlsboro pool, 11, 463 
Hastern Province, 3, 10, 12 
age of oil, 119, 120, 126, 133 
map showing relation of oil and gas 
to coal, 110 
see also Illinois, Indiana, Kentucky, 
Michigan, New York, Ohio, 
Pennsylvania, ‘Tennessee, West 
Virginia 
East Indies, 4 
age of oil, 156 
character of oil, 17, 19, 29 
geologic section, 102 
Keuador, 4 
Edgerly, 386, 391 
Edwards limestone, 141, 318 
Egypt, 4 
age of oil, 147, 156 
geologie section, 450 
pools in, 449 


Elaterite, 37, 43 
Eldorado, Arkansas, 224 
Eldorado, Kansas, 39, 60, 456 
Electric methods of exploration, 493 
Elk Hills anticline, 253 
Elsinore fault, 324 
En échelon faults, 239 
England, 51 
Eocene, 149, 150, 153, 155 
see also Tertiary 
Epeirie sea deposits, 101, 106, 107 
Epicontinental shelf deposits, 101 
Estill County, Kentucky, 323 
Ethylene series, 26 
Evaporation of oils, 84 
Expansion, coefficient of, 20 
Exploration, 479 
by field geologist, 208 
geophysical methods, 493 
in areas having no surface indica- 
tions, 487 
limitations, 499 
policies, 499 
use of subsurface methods, 497 
use of surface indications, 480 
with diamond drill, 489 
Expulsion of oil from 
rocks, 190 


non-porous 


FE 
Failures or dry holes, 501 
Faults and faulting 
causes, 247 
normal or gravity, 247, 309 
overthrust, 335 
relation to folds, 410 
reverse or compressional, 249, 309 
size and intensity, 248, 249, 309, 409 
Fault structures, 309 
development of, 235 
types, 309, 310 
value, 234, 309, 338 
Fellows, pool near, 305, 306 
Flank sands, 389 
Florence, Colorado, 367 
Flowage experiment, 73 
Fluorescence in oils, 16 
Field, defined, 11 
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Filtration of oils, 76 
Fish, as source of oil, 64 
Fissure seepages, 487 
Fissures, production from, 365 
Fitchburg pool, 322 
Folded structures 
characteristics, 251 
development, 235 
value of, 234, 306 
Folds and folding 
differences in competency, 240, 409 
differential compacting, 235 
dynamic action, 237 
horizontal thrust, 240 
period and duration, 408, 409, 412 
relation to faulting, 410 
salt core types, 376 
types, 251 
vertical uplift, 244 
Foraminifera, source of oil, 65 
Formosa, 4 
Foxburg quadrangle, 227, 354 
Fiox-Bush-Eastman area, 365 
Fracture, zone of, 237 
France, 4, 44 
Furbero pool, 369 
G 
Galicia or Poland, 4 
age of oil, 147, 155, 156 
character of oil, 21, 27 
ozokerite, 42, 85 
Garnett shoe string, 360 
Gas, natural, 2 
composition, 38 
effects on viscosity and surface ten- 
sion of oil, 201 
function in accumulation of oil, 200 
generation of, 76, 82 
pressures, 202 
solubility in oil, 201 
Gas seepages 
in exploration, 481 
location of, 482 
Geanticlines, 244, 291, 308 
Gemsah, 449 
Geochemical stage, 72 
Geologie activity, limitations of, 499 
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jeologic history in relation to occur- 
rence of oil, 115 
Geologic recommendations, basis of, 5 
Geology, utilization of, 7 
Geophysical prospecting, 493 
methods, 493 
results, 495 
Geosynclines 
oil from, 300 
structure, 244 
German salt core structures 
cap rock, 402 
location, 376 
mechanics of uplift, 395, 400 
origin, 392, 394 
size, 379 
structure, 377 
Germany, 4, 44, 13 
Gilsonite, 37, 42 
Glacial deposits, 91 
Glance pitch, 37, 42 
Glauconite, 101 
Glenn pool, 9, 341, 346 
Glenn sand, see Bartlesville sand 
Glenn shales, 133 
Globe anticline, 302 
‘Golden Lane’’ of Mexico, 475 
‘‘Golden Lanes’? of Kansas, 362 
Goodrich-Parker string, 362 
Goose Creek, 386, 391 
Grahamite, 37, 42 
Granite ridge, 453 
“¢Granite wash,’’ 375, 445 
Graphic well logs, 219 
Graphitie anthracite, 81 
Grass Creek, 266 
Gravimetric methods 
493, 494 
Gravitational theory, 3, 7, 8, 187 
history of, 188 
manner of accumulation, 190 
objections to, 192 
present status, 207 
Gravity or normal faulting, 247, 309 
Great Britain, 133 
Green River shales, 45, 46, 70, 71, 107, 
108, 150 
Greenwood County, Kansas, 362 
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Gulf Province, 12 

see also Gulf Coast Salt Dome Field, 

‘Texas, Louisiana and Arkansas. 

Gulf Coast Salt Dome Field, 376 

age of salt, 395 

cap rock in, 402 

mechanies of uplift, 395, 400 

oil from, 389, 391 

origin of salt, 395 

period of uplift, 401 

use of geophysical methods, 495 
Gypsum 

in relation to oceurrence of oil, 97 

in salt dome caps, 402 
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Hanover district, salt structure in, 378 
Haynesville, 279 
Healdton, 23, 34, 355, 439 
Heat 
function in oil alteration, 7 
function in oil generation, 7 
Helium, 16, 40, 60, 61 
Herridge plunging anticline, 283 
Hills, buried and covered, 412 
Hogback, 9, 19, 274 
Hogshooter gas pool, 364 
Hogshooter shoe string, 362, 36 
Homer, 279 
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Horizons of varying porosity, 845 
Horizontal thrust structures, 240 
Hubbard pool, 425 
Hull, 391 
Humble, 380, 389, 391 
Humid areas, deposits of, 97 
“*Hunch ’’ locations, 7 
Hundred foot sand, 203, 345, 354 
Huntington Beach, 257, 411 
Hurghada, 449 
Hybrid rocks, 176 
Hydraulic theory, 194 
capillarity in, 196 
eriticism of, 196 
manner of accumulation, 195 
modification of, 198 
present status of, 207 
Hydrogen, 16, 38, 39, 78, 82 
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Hydrocarbons, 1, 15 
alteration of, 77 
classification and properties, 25 
destruction of, 82 
Hydrogenatian, 76, 78 
Hydrogen sulphide, 15, 1 
83 
Hydrostatic pressure, 202 
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I 
Igneous origin of oil, see inorganic 
theories 
Tgneous origin of salt domes, 396 
Tgneous rocks 
as containers of oil, 57, 58, 177, 234, 
368, 375 
as indicators of oil, 90 
competency of, 240 
porosity of, 177 
Illinois, 6 
age of oil, 127, 133 
character of oil, 19 
producing area in, 417 
India, British, 4, 11, 42 
age of oil, 156 
pools in, 263 
Indiana, 6 
age of oil, 121, 127 
bituminous substances, 45, 48 
natural gas, 39 
oil pools in, 417 
see also Cincinnati Arch 
Inglewood fault or uplift, 
Inglewood pool, 411, 423 
Initial production, map showing, 299 
Inorganic theories, 54 
appleation, 55 
evidence supporting, 57, 5 
insufficiency of, 62 
Interior Gulf Coast Salt Domes, 384 
characteristics and structure, 385 
386 
oil in, 3885 
Interstices, nature of rock, 162 
Todine, 65 
Iowa, 38, 92 
Tsochor lines, 228 
Tsomers, 26, 27 


257, 411, 424 
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Tso-pachous lines, 228 

Tsopach map, typical, 349 
Tsovols, 113 

Isthmuthian domes of Mexico, 383 
Italy, 4, 44, 147, 155 

Irvine oil pool, 320, 322 
Irvine-Paint Creek fault, 320 


dj 
Japan, 4, 31, 58 
age of oil, 156 
geologic section, 374 
producing areas in, 374 
Java, 57 
Jennings, 391 
Jointing, effects on porosity, 165, 167 
Jurassic Period, 138 
conditions during, 138 
oil horizons of, 139 
producing areas, 383, 420 


K 
Kansas, 1, 6 
age of oil, 127, 133 
character of oil, 27, 33 
geologic section, 128, 130 
granite ridge of, 453 
natural gas, 39, 40, 60, 61 
producing areas in, 359, 362, 365, 
454, 456 
Kay County, Oklahoma, 425, 465, 471 
Kentucky, 6 
age of oil, 119, 121, 127 
bituminous solids, 44, 45, 46, 51, 71 
character of oil, 19 
geological section, 323 
natural gas, 39 
producing area, 320 
Kentucky River fault, 320 
Kerogen and Kerogen shale, 2, 37 
formation and alteration, 65, 70, 72, 
107 
nature of, 44, 47, 72, 87, 107 
solubility, 46 
Kevin-Sunburst, 31, 420 
‘‘Knife edge’’ structure, 475 
Kosse, 315 
L 
Laccolithic domes, 368, 375 
Lake deposits, 99 
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Lamb anticline, 294, 295 
Land locked basins in deposition of oil 
source beds, 106 
La Salle pool and anticline, 229, 246, 
291, 339, 417 
Lateral or flank sands, 389 
Lensing sands, 341 
Levelette terrace, 283 
Lignite, 37, 50 
Lima, Ohio, 20, 34 
Lima Indiana district, 17, 119 
Limestones, 173 
as containers, 173 
as retainers, 174 
as source beds, 103, 105 
cap rocks, 403 
competency, 240 
Little River, 11, 463 
Loeal structure, 233, 489 
Lockhart, 58, 370 
Lockport, 391 
Loess deposits, 94 
Logs, see well logs 
Long Beach, 9, 34, 257, 260, 262, 411 
Los Angeles Basin 
general structure, 324, 336, 411 
geologic sections, 151, 255, 25 
producing areas in, 254, 257, 260, 
324, 326, 329, 423 
Los Angeles fault, 336 
Lost Soldier dome, 276 
Louisiana, 6, 12, 170 
age of oil, 141, 148, 155, 156 
character of oil, 20 
Gulf Coast domes, 386 
interior salt domes, 384 
natural gas, 38, 39, 60, 203 
northern portion, geologic section, 
280, pools in, 279, 291 
Lower Cretaceous 
history, 139 
oil in, 141 
producing areas in, 318, 422, 428, 
436, 475 
Luling fault and pool, 9, 141, B32), ailliii, 
871, 373 
Luling-Mexia, fault zone, 310, 311 
Lyons-Quinn pool, 225 
Lytton Springs, 371 
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M 
Madison limestone, 139, 422 


Magnetic irregularities in oil fields, 61 
Magnetic methods of exploration, 493, 


494 
Maidan-I-Naftun, 451 
Maikop pool, 65, 357 
Maltha, 37, 41, 42 
Manjak, 37, 42 
Maps and mapping 
contour, 212 
convergence, 226 
errors in, 214 
problems in, 489 
sand or isopach, 228 
strike and dip, 211 
subsurface, 225 
surface geology, 209 
Maracaibo basin, 11 
Marathon fold, 244 
Marble falls limestone, 345, 414 
Maricopa shales, 303, 305, 357 
Marine animals as sources of oil, 65 
Markham, 388 
Marsh gas, 37, 38 
McKittrick formation, 337, 357 
McKittrick overturned fold, 306 
MeKittrick thrust fault, 335 
Mechanical flow, zone of, 237 
Menilithie shales, 64 
Mesozoie Era and Rocks 
conditions during, 137 
distribution of oil, 148 
producing areas, 266, 274, 276, 2 
287, 295, 312, 317, 368, 370, 3 
420, 428, 434, 449, 475 
Metamorphie Rocks 
as containers of oil, 177 
as sources of oil, 108. 
porosity, 177 
Metamorphism 
funetion of, 107 
in coals, 109 
Methane, 25, 26, 38 
Mexia district, 9, 11, 312 
Mexia fault zone, 311, 312 
Mexia-Groesbeck gas pool, 170, 313 
Mexia-Luling fault zone, 248, 310 


Mexia pool, 312, 320 
Mexican salt structures, 376, 383. 
age of salt, 394 
mechanics of uplift, 400 
oil in, 384 
structure, 384 
Mexico, 4, 58, 383, 476 
age of oil, 141, 147, 155 
bitumens 40, 484 
character of oil, 16, 17, 18, 20, 22, 27, 
31, 33, 34 
geologie sections, 142, 478 
producing areas, 366, 369, 384, 475 
Michigan, 6 
Micos Cafion fault, 311 
Mid-Continent Province, 3, 12, 132 
age of oil, 118, 119, 126, 128, 130, 
133, 135 
general structure, 132, 239, 290, 453 
geologic sections, 97, 128-130, 1384, 
217, 437, 464 
producing areas, 271, 272, 283, 284, 
294, 297, 346, 350, 353, 359, 362, 
363, 414, 425, 439, 442, 444, 456 
458, 462, 465, 471 
relations between coal, oil and gas 
in, 112 
Midway-Spellacy anticline, 301, 302 
Midway Valley syncline, 301, 302, 305 
Migration of oil, 232 
Mine gas, 37, 38 
Mineral tar, 37, 42 
Mineral wax, 15, 37, 42 
Minnesota, 38 
Minor faults, 248 
Miocene rocks and epoch 
conditions during, 149 
oil in, 155 
see also Tertiary 
Mississipian Period 
conditions during, 126, 440 
oil in, 127 
producing areas in, 273, 284, 285, 
298, 345, 417 
Mississippi lime, 127, 278, 283, 345 
348 
Missouri, 44 
Mixed base oil, 32, 37 
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Models, use of, 228, 229, 231 
Molecular flow, zone of, 237 
Monroe gas area, 38, 2038, 291 
Montana, 6, 11, 203 
age of oil, 135, 141, 148 
character of oil, 19, 31 
geologic sections, 140, 421 
producing areas in, 420, 434 
Montebello pool, California, 331 
Monterey shales, 66, 103, 337 
Moreni, 382 
Mountain folds, relation to oil struc- 
tures, 241, 243 
Mount Pleasant dome, 459 
Mud volcanoes 
location, 484 
use in exploration, 483 


N 
Naphthene base oil, 32, 37 
Naphthene series, 1, 25, 26, 29 
Natural gas, 15, 37 
characteristics, 38 
concentration of, 181 
destruction of, 82 
generation of, 75 
in alteration of oil, 77 
in migration of oil, 200 
pressures, 203 
Natural gas gasoline, 38 
Nemaha mountains, 453 
Netherlands East Indies, 4 
Nevada, 45 
New areas, exploration in, 479 
Newfoundland, 117 
New Mexico, 6, 9 
age of oil, 135, 148 
character of oil, 16, 19 
producing area, 274 
Newport, 411 
Newport-Beverly Hills fault 
zone—see Inglewood fault zone 
New York, 6, 16 
age of oil and gas, 117, 121, 126 
Nickel in oil, 16, 32, 60, 78 
Nigger Creek, 312 
Nitrogen in oil and gas, 2, 15, 16, 31, 
39 
origin of, 59, 60, 61 


Non-producing structures, 500 
Normal faults, 247, 309 
North America 
geologic history and occurrence of 
oil in, 115-158 
paleogeographic maps of, 121, 131 
143, 149 
see also the several states and coun- 
tries 
North Mid-Continent field, 11 
**Nose’’ structure, 282 
Nova Scotia, 117 
Nummulithie, 152 
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O 


Oak Ridge fault and anticline, 329, 331 
Occurrence of oil and gas, conditions 
limiting, 89 
Odor in oils, 16 
Ohio, 6, 11 
age of oil, 119, 120, 127 
character of oil, 19, 20, 34 
general structure, 120, 121, 244, 290, 
343 
geologic section, 344 
natural gas, 39, 40, 61, 203 
producing areas, 285, 342 
Oils, 1 
chemical properties, 24 
concentration of, 181 
origin and alteration, 53 
physical properties, 15 
Oil seepages 
in exploration, 480 
location, 480 
Oil shale, 37, 44 
see kerogen shale 
Oklahoma, 1, 6, 9 
age of oil, 118, 120, 127, 128-130, 
133, 141 
bituminous solids, 44, 485 
character of oils, 16, 20, 23, 27, 34 
geologic sections, 128-130, 464 
granite wells, 454 
natural gas, 39, 60, 61, 203 
productive areas, 272, 283, 284, 294, 
297, 346, 350, ‘353, 362, 363, 
425, 439, 442, 445, 458, 462, 465, 
471 
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Old Woman Creek anticline, 210 
Olefine acetylene series, 26 
Olefine series, 1, 26, 27 
Olefine terpenes, 26 
Oligocene 
conditions during, 149 
oil in, 155 
see also Tertiary 
Olinda pool, 324, 329 
Ontariow Owes 3s ele 
Open chain compounds, 25 
Open folds, 253 
Openings in rocks, 160, 161 
Optical activitiy of oils, 24 
Orange, 386, 391 
Ordovician Period 
conditions during, 117 
ull Thi, INS}, i TRe) 
producing areas. 425, 440, 448, 456, 
458, 462, 465, 471 
Organie debris, conditions 
deposition, 105 
Organic theories of origin of oil, 3, 62 
alteration of oils and gases, 76 
application to search for oil, 89 
conversion to solids, 84 
deposition and accumulation, 68 
destruction of hydrocarbons, 82 
experimental proof, 62 
nature and alteration of kerogen, 72 
nature of oils and gases, 76 
source materials, 64, 68 
summary, 86 


favoring 


Origin of petroleum and natural gas, 
53 
Osage County, Oklahoma, 9, 127 
general structure, 239: 
producing areas, 272, 283, 284, 350 
Osage pool, Wyoming, 20, 31, 287, 290 
“*Outbreaks,’’ 380 
Outerop scepages, 487 
Overthrust faults, 335 
Overturned folds, 252, 305 
Oxygen in oil and gas, 15, 16, 31, 39 
Ozokerite, 15, 87, 42, 85 


12 
Pacific Province, 12 
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see also California 
Paint Creek fault, 320 
Paleocene, 149 
Paleontology, use in exploration, 497 
Paleozoic Era 
conditions during, 116 
importance in oil formation, 136 
producing areas, 271, 273, 284, 294, 
297, 320, 342, 346, 350, 353, 354, 
359, 362, 363, 414, 417, 425, 
436, 440, 443, 444, 456, 458, 462, 
465, 471 
Panhandle area of Texas, 19, 135, 291, 
355, 379, 444 
Panuco district, 18, 142, 366, 476 
Paraffin base oil, 1, 32, 37 
Paraftin dirt, 486 
use in exploration, 486 
Paraffin series, 1, 25, 26, 27, 28 
Paraffin soil, 37, 42 
Peat, 37, 50 
Peg models, 229, 230, 22 
Pennsylvania, 3, 6, 7, 8 
age of oil, 124, 126, 133 
character of oil, 16, 19, 20, 22, 23) 
29) 34 
geologic sections, 124 
natural gas, 39, 203 
producing areas, 179, 1938, 354 
Pennsylvanian Period 
conditions during, 131 
oil in, 133 
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US 


producing areas in, 271, 284, 
294, 297, 346, 350, 353, 359, 362 
414, 417, 425, 440, 
458, 465, 471 
Permian Period 


973 
Alo, 


363, 455, 


conditions during, 133 
oil in, 97, 135 
producing areas in, 271, 294, 436, 


443, 444 
Pershing pool, 294, 297, 301 
Persia, 4 


age of oil, 156 
character of oil, 18, 29 
geologic section, 155 
producing areas, 451 
salt structures, 376 
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Peru, 4 
age of oil, 155 
character of oil, 20 
Petrolenes, 42 
Petroleum, 1 
chemical properties, 24 
concentration, 181 
conversion to solids, 84 
destruction, 82 
origin and alteration, 53, 111 
physical properties, 15 
Petroleum bitumens, 37 
see also petroleum residues 
Petroleum geologist, training, 8 
Petroleum geology, science of, 3 
Petroleum residues, 484 
use in exploration, 484 
Petrolia, Ontario, 17, 34, 
Petrolia, Texas, 33, 39, 40, 60, 271 
Petrology, use in exploration, 497 
Phosphoria formation, 45 
Phosphorus, 16, 32, 45 
Photographs, use of, 208, 209 
Physical properties of oils, 16 
Piedmont zone deposits, 98 
Pierce Junction, 391 
Pitch Lake, Trinidad, 40, 484 
Plane table, use of, 215 
Plaster models, use of, 228, 231 
Plastic flow theory of origin of salt 
structures, 399 
Pleistocene, 149, 157 
Pliocene 
conditions during, 149 
oil in, 155 
see also Tertiary 
Plugs, igneous, 368 
Plunging anticlines, 281, 282 
Poland or Galicia, 4 
age of oil, 147, 155, 156 
character of oil, 21, 27 
ozokerite, 42, 85 
Pollens, 51, 67, 68, 71 
Polymerization, 84 
Pool, defined, 9 
Pore space in rocks, causes of, 159 
assortment and arrangement of par- 
ticles, 162 


27. 83, 4 
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cementing, 163 
crustal movements, 166 
recrystallization, 165 
shape of particles, 162 
solution openings, 164 
weathering, 167 
Porosity, 159 
clays and shales, 175 
conglomerates, 173 
determination of, 168 
effect upon rate of flow of oil, 178 
hybrid rocks, 176 
igneous rocks, 177 
limestones, 173 
metamorphie rocks, 177 
minor sedimentary rocks, 176 
sandstones, 170 
Porosity variations 
accumulations due to, 339 
causes of, 339 
Pour points, 22 
Powder River anticline, 213, 501 
Powder River Basin, 289 
Powell, 11, 313, 315 
Pre-Cambrian time and rocks, 115 
Pre-Chattanooga Oklahoma, 
125, 126 
Pressure in oil and gas horizons, 202, 
207 
capillarity and friction, effect on, 
204, 206 
hydrostatic, 202, 207 
initial gas, 203 
origin of, 202 


rocks in 


retention of, 205 
Proterozoic age, 115, 116 
Provinee, defined, 13 
Puente Hills, 324 
Pyrobitumens, 2 

characteristics, 37, 43 

origin, 86 

use in exploration, 484 


Q 
Quaquaversal anticlines, 269 
Quaternary Period, 150 
conditions during, 157 
oil in, 158 
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R 
Radio waves, use in exploration, 493 
Ranger district, 33, 104, 217, 346, 414 
Rattlesnake pool, New Mexico, 19 
Rattlesnake pool, Pennsylvania, 354 
Ravenna pool, 322 
Reagan County, Texas, 436 
Recent time, 149 
Recrystallization, 
165 
Reerystallization, zone of, 237 
Recumbent folds, 252 
Red beds, 95 
Regional structure in exploration, 487 
Regional synclines, oil from, 300 
Regional uplifts, 244, 290 
Reservoir rocks, 159 
Retainer rocks, 159 
Reverse faulting, 249 
Revived structure, 412 
Richland pool, 315 
King chain compounds, 25, 30 
Rising synclines, 302 
River deposits 
as containers of oil, 358 
as source beds, 98, 99 
Robberson pool, 442 
Rocks, nature of oilfield, 168 
as containers or retainers, 178 
classification of, 218 
competency of, 240 
Rock pyrobitumens, 37 
Rock Springs uplift, 269, 270 
Rocky Mountain Province, 12 
age of oil, 135, 137, 1389, 141, 148, 
154, 155 
general structure, 213, 242, 243, 269 
geologie sections, 140, 268, 278, 289 
producing areas, 266, 269, 274, 276, 
287, 420, 428, 434 
Rosenberry pool, 354 
Rough Creek fault, 320 
Roumania, 4 
age of oil, 155, 156 
general structure, 381 
pools and salt structures, 382, 383 
Roumanian salt domes and folds, 376 
breccia in, 382 


effect on porosity, 
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location and structure, 380 

mechanies of uplift, 395, 400 

oil in, 383 

origin and age of salt, 392 
Weel, 2 1 UG 

age of oil, 155, 156 

bitumens, 43 

character of oils, 17, 18, 23, 29 

geologic section, 156 

producing areas, 357, 428 


) 
Sabine uplift, 244, 281, 290, 389 
Saddles, 293 
Sakhalin, 4 
Sallyards-Madison shoe string, 362, 365 
Salt anticlines, 377 
Salt beds, 377 
in relation to occurrence of oil, 94 
Salt core structures, 234, 376 
erystal growth theory, 397 
distribution and characteristics, 377, 
380, 383, 384, 386 
igneous intrusion theory, 396 
mechanics of uplift, 395 
nature and origin of cap rocks, 402 
oil from, 383, 385, 389 
origin of 392 
plastic flow theory, 399 
Salt Creek pool and structure, 170, 184, 
290, 293, 366, 428 
Salt deposits, indications from 94 
Salt Dome field, see Gulf Coast Salt 
Dome field 
Salt domes, 378 
Salt stocks, 377 
Salzsittel, 377 
Salzstécke, 377 
Salztafeln, 377 
San Cayetano fault, 331 
Sand maps, use of 228 
‘Sands’? or sand bodies 
channel types, 358 
extent, 340 
large elongated types, 362 
lensing types, 341 
of varying porosity, 345 
““shoe string,’’ 359 
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Sandstones (including sands) 
as containers, 170 
as retainers, 172 
as source beds, 108, 104 
competency of, 240 
porosity of, 170, 179 
San Felipe shales, 104, 141, 175, 366, 
475 
San Joaquin Valley, 2, 11, 65, 66, 85 
general structure, 241, 244 
geologic section, 301 
producing areas, 2164, 301, 302, 305, 
306, 335, 355 
waters of, 186 
San Juan Basin, 16, 19, 148, 274 
Santa Clara fault, 329 
Santa Rosa fault, 331 
Santa Susana fault, 331 
Sante Fe Springs, 253, 254 
Sapropel and sapropelic clay, 72, 107 
Saratoga pool, 387, 389, 390, 391 
Sarawak, 4 
Saturated compounds, 25 
Sauey Creek anticline, 298 
Scotland, 45, 48, 51 
Scott-Teeter-Pixlee area, 365 
Seal Beach pool, 411 
Searight pool, 11, 463 
Seaweed as a source of oil, 65 
Sedimentary rocks 
as oil containers, 91, 159 
as indicators of oil, 91 
as source beds of petroleum, 91 
Sedimentation during folding, 408 
Seepages, 7, 84 
asphalt, 40, 484 
gas, 481 
nature and use in exploration, 479 
oil, 480 
relation to regional structure, 487 
Seismic methods of exploration, 493, 
494 
Seismograph, 494 
Seminole City pool, 11, 463 
Seminole district, 11, 462, 464 
Serpentine, oil in, 58, 177, 370 
Sewickley quadrangle, Pennsylvania, 
1938, 194 
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Shales 
as containers, 175 
as retainers, 175 
as source beds, 103 
burnt, 479 
carbonaceous, 75 
competency, 240 
fissured, 175, 365 
porosity, 175 
production from, 365 
see also Kerogen shale 
Shamrock dome, 459 
Shamrock saddle, 459 
Shannon pool, 428 
Shape of particles, effect on porosity, 
162 
Shear, zone of, 237, 238, 239, 246 
Shiell’s Canyon, 331, 333 
Shirvanskaya area, 357 
“* Shoe string sands,’’ 359 
Eastern Kansas, 359 
Greenwood Co., Kansas, 362 
Washington Co., Oklahoma, 362 
Sicily, 44 
Silurian Period 
conditions during, 119 
oil in, 120: 
producing areas, 320, 342 
Similar folds, 252 
Simple symmetrical folds, 252, 253 
Smithwick shales, 104, 133, 414 
Solidification of oils, 2:1 
Solution openings, effect on porosity, 
164 
Source materials of oil, 64 
Sourlake, 389, 391 
South Liberty, 391 
South Mountain pool, 331, 333 
Specific gravity, 18 
Spellacy-Midway anticline, 301, 302 
Spindletop, 9, 389, 391, 392 
Spore remains, 51, 67, 68, 71, 73 
Squeezed folds, 253 
Statice pressure 
alteration of oil by, 79 
generation of oil by, 74 
Station Camp pool, 322 


Stereograms, use of, 228, 229, 231 
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Stillwater pool, 322 
Strand line deposits, 101 
Stratum field, 13 
see Texas, East-Central and South- 
west, and Louisiana, North 
Strays, 341 
Strike and dip symbol maps, 
208, 211, 231 
Struetures and structural conditions 
burial of, 411 
complex, 408 
“ceovered,’’ 411 
deep seated, 410 
due to porosity variations, 339 
faulted, 309 
folded, 251 
folded and faulted, 285 
igneous, 368 
local in exploration, 489 
nature in oil fields, 232 
non-producing, 500 
regional in exploration, 487 
representation of, 208 
revived, 412 
salt core, 376 
Sub-capillary openings, 160 
Sub-Carpathian salt domes, 380 


use of, 


Subsurface exploration, 497 

Subsurface maps, use of, 225, 226, 231 

Sulphates, see sulphur 

Sulphur aud sulphur compounds, 2, 15, 
30, 39, 40, 41, 82, 85, 182, 183, 
184, 185, 186, 304 

Sumatra, 102, 155 

Sunburst distriet, 141, 420 

Sunset area, 305 

Sunset Extension, 355 

Sunset-Midway district, 31, 172, 301 

Surface geology maps, use of, 208, 209, 
210, 211, 231 

Surface indications of oil, use in ex- 
ploration, 90, 479: 

Surface tension, 22, 23 

Swamp deposits, 99, 100 

Sweetgrass uplift, 11, 244, 422 

Switzerland, 44 

Symmetrical folds, 252 
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Synclines 
regional, 300 
rising, 302 


production from, 297, 301, 306 


a 
Tamasopo limestone, 141, 174, 366, 475 
Tamasopo Ridge, 366, 475 
Tampico-Tuxpam embayment, 368, 369, 
476 

Tar sands, 2, 44, 85, 305, 
Teapot dome, 293, 428, 4 
Tehuacama fault, 312 
Tehuantepec, Isthmus of, 155, 385 
Tejon shales, 66 
Temperature 

in alteration of oil, 78 

in generation of oil, 72 

in migration and accumulation of oil, 

200 

Tennessee, 6, 126 
Tensional faults, 248 
Tepetate-Alamo fault line, 312 
Terminology, oilfield, 8 
Terraces, 281, 306 
Tertiary Period, 3, 


484 
32 


), 42, 149 
conditions during, 150 
oil in, 154, 155, 156, 158 
producing areas, 254, 257, 263 
302, 305, 306, 326, 329, 334, 335 
355, 3857, 374, 382, 383, 389 
451 
exasy ols 6.19) ul 
bitumens in, 44 
characteristics of gas, 39, 40, 60, 203 
characteristics of oils, 18, 19, 33, 34 
East Central and Southwest 
(Stratum Belt) 
age of oil, 141, 148, 154 
general structure, 310 
geologic sections, 144-145 
producing areas, 9, 312, 317, 370 
salt domes, 384 
North and North Central 
age of oil, 133, 271 
general structure, 245 
geologic sections, 134, 217 
producing areas, 271, 414 


Texas, 


Texas, 
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Texas, Southern 
age of oil, 155, 156 
geologic sections, 144, 145 
producing pools, 389, 391 
salt domes, 386 
Texas, West and Northwest 
age of oil, 97, 135 
geologic sections, 95, 437 
producing areas in, 436, 444 
Thomas pool, 471 
Thornton, 315 
Thrall, 58, 370 
Tidal channel deposits, 358 
Time, function in oil alteration, 78 
Tonkawa, 465 
Tools, subsurface, 497 
Torbanite, 37, 45, 51, 66 
Torchlight anticline, 294, 295 
Torrey Canyon pool, 331, 333 
Torsion balance, 495 
Transylvania, 380, 383 
ColinerMGls 2") 7 
Trenton limestone, 119, 174 
Triassic Period 
conditions during, 137 
oil in, 137 
Trinidad, 4, 172 
age of oil, 147, 155, 156 
bitumens, 40, 41, 484 
character of oil, 17, 18, 20, 22, 31, 34 
Trinidad asphalt lake, 40, 484 
Trinity sand, 141, 317, 320 
Triolefine series, 1, 26 
Tuffs, voleanic, 374 
Tuxpam district, 18, 475 
Tuxpam-Tampico embayment, 141, 368, 
476 
U 
Uintaite, 37, 42 
Ulmo-humie matter, 71 
Unconformities or unconformable con- 
tacts, accumulations at, 355, 413 
United-Honolulu anticline, 301, 302 
United States, 1, 2, 3, 4, 6, 7 
paleogeographical maps of, 115, 136 
oil provinces of, 12 
see also individual states and areas 
Unsaturated compounds, 1, 25, 26 
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Uplifts, direct, 244 
Upper Cretaceous Period 
conditions during, 141 
oil horizons of, 147 
producing areas, 266, 274, 276, 2 
287, 291, 295, 312, 367, 369, 3 
428, 449, 475 
Upright asymmetrical anticlines, 257 
Upright folds, 252 
Upton-Thornton pool, 290 
Utah 
age of oil, 135, 148 
bituminous substances, 42, 44, 45, 46, 
48, 51 
helium in gas, 40 
salt structures, 376 
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Vacherie salt dome, 385 
Valley field of California, 2, 11, 65, 66, 
85 
general structure, 241, 244 
geologic section, 301 
producing areas, 264, 301, 302, 305, 
306, 335, 355 
waters in, 186 
Vanadium in oil, 16, 32, 60 
Vander pool, 364 
Vegetable origin, theories of, 66 
Vein asphalts, 37, 42 
Vein pyrobitumens, 37 
Venezuela, 4, 11, 172 
age of oil, 147, 156 
bituminous substances, 40 
character of oil, 16, 17, 18, 20, 31, 
33, 34 
geologie section, 1538-154 
Ventura County, California, 332, 334 
Victoria-El] Abra fault, 311 
Vinton, 391 
Viscosity, 19 
Volatility, 21 
Voleanoes, mud, 483 
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Warfield fault and fold, 320 
Washington Co., Oklahoma, 362, 363 
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Water 
in accumulation and preservation of 
petroleum source materials, 69 
in alteration of oils, 83 
in concentration of oil and gas, 181 
in generation and expulsion of pe- 
troleum, 74 
in origin of salt domes, 397 
surface tension of, 24 
Waters of cut off basins, 96, 97 
Waters, oilfield, 2, 58 
absence in some horizons, 187 
compared with ocean and artesian, 
182 
composition, 838, 182, 184, 186 
origin of, 181 
Waxes, natural, 37, 42, 85, 484 
Wax in oil, 19 
Wax, well, 48, 85 
Webb-Zapata County fault, 312 
Well logs, use of, 218 
accuracy of, 220, 221, 223 
graphic, 219 
Well wax, 43, 85 
West Columbia, 34, 391 
Western Hemisphere, oils of, 34 
West Texas, see Texas, West 
West Virginia, 6 
age of oil, 122, 124, 126, 127 
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bitumens, 485 
character of oil, 19, 22, 338, 34 
geologic sections, 122, 124 
natural gas, 39 
Wheeler Ridge, 264 
Wheeler Saddle, 459 
Wheeler Terrace, 459 
Whittier fault, 254, 324, 330, 336, 411 
Whittier pool, 324, 326, 329, 330 
Wilcox sand, 348, 426, 462, 466, 471 
Wiley Canyon pool, 331, 334 
Woodbine formation, 315, 317, 320 
Woodsfield pool, 203, 285, 286 
Wooster pool, 342, 345 
World, production, 4 
Wortham, 11, 315 
Wurtzilite, 37, 43, 86 
Wyoming, 6, 11 
age of oil, 135, 137, 139, 141, 148) 
154, 155 
bituminous substances, 45, 46 
character of oils, 19, 20, 31 
general structure, 213, 243, 269 
geologic sections, 268, 278, 289 
producing areas, 266, 276, 287, 295, 
428 
MS 


Yenangyat-Singu anticline, 263 
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